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PREFACE 



The object of this text-book is to furnish a concise pres- 
entation of the physical properties of the common mate- 
rials used in structures and machines, together with brief 
descriptions of their manufacture and fabrication. The 
book is intended primarily for use in technical schools in 
connection with courses in the Mechanics of Materials, 
or in connection with courses in the Materials Testing 
Laboratory. It is hoped, however, that the book may 
prove to be of use to draftsmen, inspectors, machinists, and 
others who, dealing with the materials of engineering in 
their daily work, wish to become familiar in an elementary 
way with the properties of those materials. 

The text is distinctly elementary in character, and for 
the reader who may wish to pursue his studies further there 
is given at the end of each chapter a list of selected refer- 
ences. The books and periodicals named in these lists will 
be found in nearly all technical school libraries, and in many 
city libraries. For the convenience of teachers who may 
use this book as a text, a list of questions on the various 
chapters is given at the end of the last chapter. 

This work is, of necessity, a compilation of data from 
various sources, and the author has endeavored to give 
credit where it is due. He acknowledges his indebtedness 
to the references given in the lists and to the various indi- 
viduals who have assisted him. 

Herbert F. Moore. 

Urban A, Illinois, 
AugiLst 5, 1917. 
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TEXT.BOOK OF THE 
MATERIALS OF ENGINEERING 

CHAPTER I 
INTRODUCTORY 

Scope of Subject. — The study of the materials used by 
engineers in the construction of buildings, bridges, motors, 
machine tools, and other structures and machines includes 
a consideration of: (a) the methods of manufacture and of 
fabrication into structures or machines of the materials in 
conmion use; (6) the properties of these materials; (c) the 
requirements of service which these materials must meet; 
and (d) methods of testing and inspection which are used 
to insure that these service requirements shall be met. Be- 
fore taking up a detailed study of different materials, the 
effects on materials of stress and strain will be discussed in 
a general way. 

General Properties of Materials, Strength. — For all 
structures and machines the materials used must have suf- 
ficient strength to prevent the actual breaking of parts 
and the consequent failure of the structure or machine. 
In some cases strength is the prime requisite of the mate- 
rials used {e.g., bridges, cranes, punch and shear frames) ; 
in other cases strength of the materials is a secondary 
consideration. The strength of a material is a measure of 
its ability to resist the application of load without rupture, 
collapse, or undue distortion. The application of load to 
a part of a machine or structure causes internal resisting 
forces or stress to be set up in that part. There are three 
kinds of elementary stress: tension (e.g., the stress in a rope 
holding up a weight) ; comj>ression (e.g., the stress in the 

1 



2 MATERIALS OF ENGINEERING 

pillars holding up a floor) ; and shear (e.g., the stress in the 
rivets splicing together two plates under tension). Fig. 1 
illustrates these elementary stresses. Flexure or bending 
stress (e.g., the stress set up in a loaded beam) is a com- 
bination of tension and compression; bearing stress (e.g., 
the stress on the floor directly under the legs of a table) is 
largely compression; and torsion {e.g., the stress in a shaft 
transmitting power) is a special case of shear. 





cFioor 



Compression 



Fig. 1. — Illustrations of elementary stress. 



>^ 



.Shear 



Stiffness. — Stiffness and strength of materials are some- 
times confused, they are, however, two distinct properties. 
If any stress is set up in a part of a machine or structure 
the form of that part is slightly changed. This change of 
form is called strain or deformation. The stiffness of a 
material is measured by the magnitude of the change of 
form under stress. Stiffness is frequently a very important 
property of a material. For example, in a machine tool 
there should be very slight deflection of parts under 
normal conditions of working, else the machine tool will 
fail to produce work of a sufficient degree of precision. 
In this case material of high stiffness is desirable. On the 
other hand, it is desirable that railway ties should yield 
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under load so as to minimize shock, and for this service a 
material with a low degree of stiffness, such as timber, is 
preferable to one with a high degree of stiffness. 

Elasticity and Plasticity, — Materials under low stresses 
do not sufifer any appreciable permanent change of form, 
assuming their original form after the removal of load. 
Under such conditions they are said to be elastic. Under 
high stresses materials do suffer a permanent change of 
form, and become somewhat plastic. A perfectly plastic 
body after the removal of load would retain the form as- 
sumed under load. Under increasing load the change from 
a condition of nearly perfect elasticity to one of a con- 
siderable degree of plasticity occurs suddenly for some ma- 
terials, especially for steel, wrought iron, and most rolled 
or hammered metals ; such materials are said to have a well- 
defined yield point. Other materials, such as timber, con- 
crete, cast iron, do not become plastic to any noticeable 
extent. For nearly aU engineering purposes it is desu-^ble 
that the materials used should remain elastic under work- 
mg conditions. 

Toughness and Brittleness. — Some materials will with- 
stand great deformation together with high stress without 
actual rupture; such materials possess great toughness. 
Other materials shatter before much deformation is notice- 
able; such materials are brittle. Rolled steel and rubber 
are examples of tough materials, cast iron and glass of 
brittle materials. Toughness is a highly desirable quaUty 
in materials for structures and machines in which sudden 
shattering rupture is especially disastrous; e.gr., it is quite 
necessary that car couplers and car frames should be able 
to resist the severe shocks of service, and possibly of minor 
accidents, without actual rupture, even if considerable 
permanent distortion takes place. 

Ductility and Malleability. — Some materials under ten- 
sion will suffer a considerable elongation before actual rup- 
ture takes place, such materials are ductile. A ductile 
material which can be stretched out only under high stress 
is tough. A material which can be hammered out into thin 
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sheets is malleable. Lead is malleable and ductile, but not 
tough. 

Adaptability to Engineering Construction and Facility in 
Fabrication. — It is evident that even material possessing 
desirable qualities could not be used in construction if it 
was extremely costly, if it could not be worked into the 
desired shapes, or if it could not be transported to or 
handled at the place where the structure or machine was 
to be built. 

Uniformity and Reliability. — Some materials can be pro- 
duced with a high degree of uniformity of properties, such 
as strength, stiffness, etc., while the properties of other 
materials can not be foretold within wide Umits. For 
engineering work material which is uniform in quality is 
always desirable. 

Durability. — It is desirable that during the period of use 
of any structure or machine the material in it should not 
deteriorate in quality. Destructive agencies not infre- 
quently act on the materials of construction; e.g., corrosion 
attacks steel and iron, bacterial growths cause wood to de- 
cay, electrolytic action sometimes destrpys concrete. Me- 
chanical wear of parts may destroy the usefulness of a 
machine. For any given construction the durability of 
the materials to be used must be considered. 

Electric and Magnetic Properties. — For the materials 
used in machines and structures for generating, transmit- 
ting, and utilizing, electric energy or for the material in 
structures located near high-power electric circuits the 
electric and magnetic properties are frequently of prime 
importance. 

Classification of Materials. — The materials of construc- 
tion used in engineering work may be divided into two 
general classes: (a) metallic, and (6) non-metallic. 

Under metallic materials we may classify: 

I. THE FERROUS METALS— IRON AND STEEL 

1. Cast iron, including pig iron, cast iron in castings, 
and '^ semi-steel." These are all fusible, but not malleable. 
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not weldable (except by actual fusion) and not temperable ; 
they all contain a large percentage of carbon (high carbon 
content) , are brittle and have a crystaUine structure. They 
are used in cases where the metal is to be cast directly into 
shape, and where ductility is not a requisite. Malleable 
cast iron is cast iron with its carbon content and crystalUne 
structure transformed by heating and slow cooUng (anneal- 
ing). It has a considerable degree of ductility. 

2. Wrought iron is manufactured from pig iron by the 
''puddling" process without fusion of the final product. 
It has a fibrous structure, fibers of slag extending through 
crystals of iron, it has a very low carbon content, it is 
ductile, weldable, fusible only with great difficulty, and is 
not temperable. It is used where ease of welding or hot 
working is desirable, e.g., in small blacksmith shops, and is 
claimed by some metallurgists to resist corrosion better than 
steel. Wrought iron is widely used for water pipes. 

3. Steel is manufactured from pig iron by the open-hearth 
process, the Bessemer process, or the electric furnace proc- 
ess, or by a combination of these processes. Special 
high grades of steel are manufactured from wrought iron 
by the crucible process. All these methods involve fusion. 
They are described in succeeding chapters. All grades of 
steel are fusible and malleable. The carbon content of 
commercial steel varies from almost zero to 1.25 per cent. 
Steel with not more than 0.25 per cent, carbon is mild 
steel; 0.25 to 0.60 per cent, carbon, medmm-carbon steel; 
more than 0.60 per cent, carbon, Mgr/i-carbon steel. Mild 
steel and, to a less degree, medium steel are weldable, non- 
temperable, tough, and ductile. Mild steel and medium 
steel are probably the most important metallic materials 
of engineering construction. They are used in all kinds of 
structural and machine work. High-carbon steel is welda- 
ble with difficulty, temperable to a high degree and of 
low ductility. It is used for tools, springs, and in cases 
where great strength is necessary. 

As used in engineering work steel may be cast in molds 
into shape (steel castings) or into blocks (ingots) of cast 
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steel which are rolled or hammered into shape. Rolled 
or hammered steel is, in general, stronger, more ductile 
and tougher than are steel castings of the same chemical 
composition. 

Carbon and iron are the principal ingredients in steel, 
but special steels of great strength and toughness are made 
by alloying carbon and iron with other elements. Com- 
mon alloy steels are: nickel steel, chrome-nickel steel, 
tungsten steel, vanadium steel, and manganese steel. 

n. THE NON-FERROUS METALS 

1. Copper. — Copper is manufactured from copper ores, 
and rolled or drawn into sheets and wires. Both its 
strength and its ductility are somewhat lower than the 
strength and the ductility of steel. Its conductivity for 
electric currents is very high. The principal use of copper 
is for electric wires, and it is used to a Umited extent for 
roofing, pipes, etc., where resistance to corrosion is of prime 
importance. 

2. Aluminum. — Aluminum is manufactured from ores by 
removal of oxygen from the oxides of the metals (reduction) . 
Aluminum is the hghtest metal in commercial use: rolled 
into sheets or drawn into wires it has considerable strength, 
and is a good conductor of electricity. It is used for small 
machine parts in which lightness is of great importance, 
and, sometimes alloyed with copper it is used for electric 
wires, especially for long spans on electric transmission 
lines. Aluminum resists corrosion and is used for kitchen 
ware and for tanks for certain chemicals. 

3. Lead, Tin, Zinc. — ^Lead, tin, and zinc are manu:- 
f actured from ores by reduction. These metals are used 
in special cases in which strength is not a prime requisite, 
and in which resistance to chemical action is necessary. 
They are used in alloys for bearings for shafting. 

4. Brass. — Brass is an alloy of zinc and copper. It is 
used for small machine parts in which resistance to corrosion 
is of importance, it is also used as a bearing metal. 
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5. Bronze. — Bronze is an alloy of copper and tin. It is 
used where resistance to corrosion is necessary, and where 
strength is also necessary. Bronze may be made almost as 
strong as steel. Bronze is used as a bearing metal in the 
highest grade of bearings. It is very expensive as com- 
pared with steel and is used only in special cases. Various 
alloys of copper, tin, zinc, aluminum, and other metals are 
sometimes spoken of as '' bronze'' and are used for special 
constructions. 

NON-METALLIC MATERIALS 

1. Wood. — ^Wood is very easily shaped and fastened to- 
gether for temporary construction. When new or if care- 
fully preserved from decaying, wood is, in most cases, the 
material which furnishes a given strength with the least 
weight. It is used for house and ship construction and 
finish, for railway ties, temporary trestles, bridges and 
other structures, for patterns for castings, and forms for 
concrete construction. Wood frequently deteriorates with 
age on account of decay. 

2. Brick and Terrorcotta. — ^Brick and terra-cotta are 
made by burning clay. They are used widely for walls and 
piers of buildings, paving and drain tile. Terra-cotta tiles 
are used for roofs. Brick and terra-cotta are brittle, 
but possess considerable compressive strength. 

3. Concrete. — Concrete is made by mixing some cement- 
ing material, usually Portland cement, with water and sand 
and stone (or gravel) . Concrete can be poured into molds, 
which are removed after the concrete has hardened. Con- 
crete is used for all kinds of massive structures. It has 
considerable compressive strength, but very low tensile 
strength. Where tensile strength is necessary, steel rods 
are imbedded in the concrete to take the tensile stress, this 
combination being known as reinforced concrete. Con- 
crete is used for paving, for sidewalks, for walls, floors, and 
columns, and for foundations for houses and machinery. 

4. Mortar. — Mortar is made by mixing cement or lime 
with fine sand and with water. It is used as a surface for 
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walls, for the outside finish of houses, and for cementing 
together the individual pieces of brick and stone work. 

5. Gypsum. — Gypsum when mixed with water hardens 
into a solid mass which is Ughter than concrete and which 
possesses less strength. Gypsum is used for light walls 
and for roofing. 

6. Natural Stone. — Natural stone is quarried and cut to 
shape. It is used for waUs, buildings, and bridges. It is 
regarded as the most nearly permanent form of construc- 
tion, but is very expensive. 

Tests of Materials. — Chemical Tests. — Chemical analyses 
of materials whose quaUty is under investigation are usu- 
ally made on small representative samples of the material 
and have for their chief object the determination of the 
quantity of various ingredients present in the material. 
They are frequently used to detect the presence of an in- 
jurious amount of an undesirable ingredient, or to detect 
unevenness of distribution of ingredients through a mass of 
material (segregation) . 

Physical Tests. — The physical tests commonly performed 
to determine the quaUty of materials of construction in- 
clude: tests of strength (tension, compression, shear, 
bending, torsion), of ductility (elongation, bending), of 
brittleness (impact tests), of resistance to repeated stress 
(endurance tests), of hardness, of resistance to abrasion, 
and of the internal structure (microscopic examination). 
Physical tests are made, sometimes on a small sample of 
the material and sometimes on the material in its finished 
form. Physical tests may be tests to destruction (e.g., a 
tension test to rupture of a small test piece made from a 
sample taken from a shipment of steel) or tests under 
working load {e.g., a test of the floor of a building under the 
load it is supposed to carry in service) . Tests to destruc- 
tion, in general, give relative results rather than absolute 
results and are useful in determining the properties of a 
material in comparison with the properties of material of 
proven quaUty in service. 



, CHAPTER II 
STRAIN AND STRESS 

Preliminary. — In discussing the properties of materials 
it is necessary to refer to their ability to withstand deforma- 
tion and to resist forces. It is necessary to define and dis- 
cuss various terms which are used in connection with the 
behavior of materials when forces are applied to them in 
order that these terms may be intelligible when used in 
the succeeding chapters. 

Strain, Unit Strain. — ^Whenever a force is applied to any 
member of a machine or a structure — to a beam in a house, 
a shaft in a machine shop, a rail in a railroad track — the 
shape of the member is altered. If the member has been 
properly designed to withstand the force the change of shape 
is small, usually not directly visible to the eye; on the re- 
moval of the force the member returns almost exactly to its 
original shape. If the force is too large for the member to 
carry without structural injury, there usually occurs a con- 
siderable change of shape. If this overload is removed, the 
body does not return to its original shape, but remains 
permanently distorted. The change in any linear dimen- 
sion is called the strain, or deformation, and the change 
per unit of Unear dimension is called the unit strain or 
unit deformation (measured in inches per inch, using the 
units common in engineering practice.) 

Stress, Unit Stress. — If a machine part or structural 
member such as AB, Fig. 2a is acted on by forces, P, P', 
there must be set up within the body internal forces called 
stresses or fiber stresses which resist the tendency of the 
external forces to tear apart or to crush the body. Im- 
agine the part of the body at one side of any section mn 
to be cut away, then to represent the fiber stresses at the 
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section mn there must be forces S to balance the force P 
(Fig. 26). The summation of the forces S make up the 
total stress at the section mn. If the stress over a very 
small portion of the section is denoted by AS and the area 
of the Very small section is denoted by aA, then for that 

small area —^ is the intensity of stress, or the stress per unit 

area, or, more briefly, the unit stress. If the stress is uni- 




FiQ. 2. — Machine part under stress. 

f ormly distributed over the whole area of cross-section mn, 

then the unit stress is ? in which P is the resultant force 

A 

acting on one side of that section, and A is the area of the 

section. Note that this is true only if the stress is uniformly 

distributed. In general, the stress per unit area will be 

different at different locations on the cross-section mn. 

The mathematical analysis of stress distribution forms the 

subject matter of mechanics of materials; it is very fully 

treated in texts on that subject (see list of references at 

the end of this chapter) and it will not be taken up in this 

book. 

Stress-strain Diagrams for Materials. — The relation of 

stress to strain for any material is conveniently shown by 

a stresS'Strain diagram, such as is given in Figs. 3 and 4. 

Such a diagram is obtained as follows: A series of known 

loads is appUed to a specimen of the material by means of 
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a testing machine (see page 159), and the corresponding 
strains measured by means of some form of micrometer. 
The unit stresses and unit strains corresponding respec- 
tively to the loads and strains are computed and plotted, 
usually representing unit stresses as ordinates (vertical 
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FiQ. 4. — Typical stress-strain diagrams for small strains. 

distances on the diagram) and unit strains as abscissas 
(horizontal distances) . A curve drawn through the plotted 
points gives the stress-strain diagram. Figs. 3 and 4 give 
typical stress-strain diagrams for steel, cast iron, and 
wood which are representative stress-strain diagrams for 
ductile materials, brittle materials, and fibrous materials, 
respectively. 
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Elastic Limit, Proportional Limit, Yield Point. — In Fig. 
4 solid lines indicate strain when the specimen is stressed 
and broken Unes indicate strain remaining after stress is 
removed (permanent set). In the stress-strain diagrams 
obtained for most materials, it is seen (broken-line dia- 
grams, Fig. 4) that up to a certain unit stress there is no 
measurable permanent set after the removal of load. 
For any material the lowest unit stress at which there 
can be detected permanent set is called the elastic 
limit of the material. In Fig. 4 the elastic limits are 
shown at E. 

For most material up to a certain unit stress the stress- 
strain diagram does not deviate appreciably from a straight 
line, and the unit strain is proportional to the unit stress. 
This is Hookers law. For any material the lowest unit 
stress at which there can be detected a deviation from 
Hooke's law is called the limit of proportionality of stress 
to strain, or more briefly, the proportional limit. In Fig. 4 
proportional limits are denoted by P. 

For ductile materials, such as mild steel, soft brass, etc., 
especially for rolled or forged materials, the stress-strain 
diagram frequently shows a sharp break as at Y (Figs. 3 
and 4). If in making a test of such material the load is 
applied continuously the scale beam of the testing machine 
''drops'' at a stress corresponding to the sharp break in 
the stress-strain diagram and strain can be detected by 
direct measurement with a pair of dividers. The unit 
stress (F, Fig. 4) at which a very sudden change takes 
place in the strain is called the yield point. In general, 
only ductile materials show a yield point. In commercial 
testing the yield point is sometimes erroneously called the 
elastic limit. 

Ultimate Strength. — In tension tests or shear tests of 
materials, and in compression tests of non-ductile mate- 
rials there is found a weU-defined load which is the 
maximum carried before rupture occurs. The unit stress 
corresponding to this load is called the ultimate strength 
or, more briefly, the ultimate for the material. 
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Significance of the Elastic Limit, the Proportional Limit 
and the Yield Point. — For any material the values de- 
termined for the elastic limit and the proportional limit 
are dependent upon the precision of the measuring instru- 
ments and methods used in their determination. Tests 
are rarely made to determine the elastic Umit, since such 
tests involve repeated appHcation and release of stress 
and take a very long time. The elastic limit of a material 
is an indication of the stress which the material will with- 
stand without appreciable permanent distortion. This is 
of value in the study of materials for machine tools in 
which any appreciable permanent distortion would mean 
very serious damage to the machine. 

The elastic limit has been defined by some writers on 
Mechanics of Materials, to be the unit stress below which 
any material was perfectly elastic, and below which the 
material would be able to withstand without rupture an 
infinite number of repetitions of stress. Whether in a 
test under static load — such a test as is made in a testing 
machine — with instruments of higher precision than those 
now available there could be found an absolute elastic limit 
for any actual material is doubtful. Under repeated 
stresses rupture has occurred at unit stresses considerably 
lower than the proportional limit as determined in the 
ordinary laboratory test. 

Some physicists and some testing engineers maintain 
that for most materials the elastic limit and the proportional 
Umit occur at identically the same stress ; others dispute this 
statement; while still others claim that, if instruments of 
sufficient precision were available, for actual materials 
some extremely minute permanent set and some very 
sUght deviation from Hooke's law would be found for any 
stress, however small. However, for practical purposes 
the two limits are identical and they will be so regarded in 
this book, and the term proportional limit commonly used. 
Practically the proportional limit of a material is the 
criterion of its elastic strength under static loading. 

As suggested above the exact location of the proportional 



14 MATERIALS OF ENGINEERING 

limit depends on the precision of the instruments used in 
measuring loads and strains, and on the accuracy of plotting 
the stress-strain diagram. Following the practice recom- 
mended by the Committee on Standard Methods of Test- 
ing, appointed by the American Society for Testing Mate- 
rials, the proportional limit will be located at that stress for 
which the stress-stram diagram shows the first deviation 
from a straight line, the measurements of strain being 
made with a micrometer reading to 0.0001 in. 

The yield pomt indicates a sudden change from a condi- 
tion of nearly perfect elasticity to one of a high degree of 
plasticity. Below the yield point Hooke's law is a very 
close approximation to the truth, and permanent sets are 
very small. If the material of a structure or a machine is 
stressed beyond the yield point, the resulting distortion is 
so great that the usefulness of the structure or machine is 
usually at an end, unless the overstressed area is very small. 
For ductile materials the yield point should, in general, 
be regarded as the practical ultimate strength under static 
loads for tension as well as for compression. Brittle 
materials have no yield point, and the ultimate strength 
is probably the most reliable Umit of strength for static 
loads. The yield point is much more readily determined 
than is the proportional Umit, and specifications for rolled 
materials usually contain requirements for the yield point 
rather than for the proportional limit. 

Behavior of Materials in a Partially Plastic State. — 
In most cases the material of structures and machines is 
subjected to stresses so low that the action is almost per- 
fectly elastic. The behavior of material under stresses 
so high that plastic action is set up is of interest for two 
reasons: (1) In the processes of shaping and fabricating the 
material it is not infrequently necessary to bend, to stretch, 
or to punch the material cold; (2) the behavior of the 
material under accidental overloads is frequently of im- 
portance, and for some members, such as ball and roller 
bearings, the stresses at points of contact are above the 
proportional Umit. 
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In fabricating members of steel structures, such as beams 
and columns, it is frequently necessary to bend them to 
shape or to punch holes in them. Those processes involve 
local stresses beyond the yield point of the material. 
Material which possesses high ductility is not seriously 
injured by such treatment, but brittle material under 
such conditions would be shattered. 

In selecting the material to be used for a structure or 
a machine, it is frequently of importance to consider the 
effects of accidental overload. An excellent example is 
furnished in the selec- 
tion of material for parts 
of railway rolling stock, 
such as car couplers, 
draft rigging, side frames, 
etc. For such parts it 
is evident that a tough 
material which, even 
after it is badly dis- 
torted, still possesses 
considerable strength is 
preferable to a brittle 
material which, though 
it may stand a higher unit stress before rupture, snaps 
suddenly with very little strain or other warning of ap- 
proaching failure, if rupture does occur. A material 
which after severe distortion still possesses high strength 
is called ''tough." Fig. 5 gives stress-strain diagrams 
for a tough material, and for two others less tough. The 
toughness of a material may be measured by the area 
imder the complete stress-strain diagram. 

The desirability of insuring the parts of railway cars 
against sudden, shattering failure has caused the very 
general replacement of cast-iron parts by steel castings. 
For a similar reason cast-iron columns for buildings have 
been generally discarded in the best practice. It is a 
general rule in machine design not to use a brittle material 
in direct tension if it can be avoided. 




Uni't Strain 

Fig. 5. — Stress-strain diagrams showing 
different degress of toughness. 
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In parts of machines whicK involve the carrying of heavy 
loads on spherical or cylindrical surfaces — such as ball 
bearings, roller bearings, car and wagon wheels, chain links 
— there are.set up, in service, stresses beyond the propor- 
tional limit of the material. Such parts do not last in- 
definitely; they wear out, and their length of life is de- 
pendent on the properties of the material when stressed 
beyond the proportional limit. In wire rope, band saws, 
and other flexible machine parts which, in use, are re- 
peatedly bent as they pass round pulleys and sheaves, 
the yield point of the material is frequently exceeded, and 
such members show considerable permanent distortion 
after a short time in service, and finally wear out. 
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Fig. 6. — Stress-strain diagram showing effect of repetition of stress beyond the 

proportional limit. 

Effect of Stress Beyond the Yield Point— In 1881, 
Johann Bauschinger of Munich published the results of a 
long series of experiments which demonstrated that, if a 
ductile material was stressed in one direction beyond its 
yield point, for subsequent stress in the same direction the 
yield point and the proportional limit were raised, that for 
subsequent stresses in the reverse direction the yield point 
and the proportional limit were lowered, and that in any 
case the toughness of the material was diminished. Fig. 6 
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illustrates the properties of material stressed beyond the 
yield point. Bauschinger also showed that time was nec- 
essary for the particles of the material to adjust themselves 
after overstress, and that for subsequent stresses in either 
direction the yield point and the limit of proportionality 
of overstressed materials were raised by rest. 

The properties of cold-rolled steel and of cold-drawn 
wire are explained by Bauschinger's tests, as is the ''springi- 
ness'' of hammered steel or brass plates. In the process 
of cold-drawing or cold-rolling the material is stretched 
well beyond its yield point. Steel, iron, copper, brass, 
aluminum and zinc are rendered stronger by cold-rolling, 
cold-drawing or cold-hammering. The cold-working of 
metal generally decreases its ductility and its toughness. 
To a large degree heating followed by slow cooling (anneal- 
ing) removes the effects — beneficial and injurious alike — 
of cold-working. It is not certain that the resistance of 
metal to repeated stress is increased by cold-working. 

Resistance of Materials to Impact. — In selecting mate- 
rials for members which must resist impact, it must be 
borne in mind that there are two factors to be considered: 
total stress allowable in the member, and total strain allow- 
able. Resistance to impact is a function of both these fac- 
tors. In this connection it may be noted that ''the force 
of a blow" can not be computed unless not only the energy 
of the blow is known, but also the rigidity of the body 
striking the blow and of the parts on which the blow is 
delivered, for example, a piece of iron weighing 100 lb. fall- 
ing from a height of 20 ft. would deliver 2,000 ft.-lb. of 
energy when it struck a body, but the force set up if it 
struck soft earth would be much less than the force set up 
if it struck a rigid concrete foundation. 

For materials which must withstand heavy accidental 
impact without actual rupture, toughness is the prime 
requisite. Toughness has been defined on page 15 and it 
may be noted here that the toughness of a material may be 
measured by the area under the stress-strain diagram for 
that material (see Fig. 5). A striking illustration of the 
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resistance of materials to rupture under impact is furnished 
by comparing the action of oak with that of cast iron. 
Under static load cast iron is about three times as strong 
as oak, but the strain which oak will stand before it is rup- 
tured is about nine times the strain which cast iron wiU 
stand. The area under the stress-strain diagram for oak 
is about three times that for cast iron, and under impact 
loads oak is about three times as strong as cast iron. 

The abiUty of a material to resist impact without per- 
manent distortion is measured by the area under the stress- 
strain diagram up to the elastic limit (for practical purposes 
up to the proportional limit) . If elastic resistance to impact 
is desired, a material with a high proportional limit or a low 
modulus of elasticity should be used. A good illustration 
of the difference between elastic resistance to impact and 
resistance to rupture under impact is furnished by a com- 
parison of the action of high-carbon steel with that of low- 
carbon steel. High-carbon steel has the higher propor- 
tional limit and has a greater area under its stress-strain 
diagram up to the proportional limit. It is superior to 
low-carbon steel in its elastic resistance to impact, and is 
used for such members as springs. Low-carbon steel, 
however, has a greater area under the whole of its stress- 
strain diagram than has high-carbon steel (see Fig. 5), on 
account of its much greater ductiUty, and low-carbon steel 
offers greater resistance to rupture under impact than does 
high-carbon steel, and is used for such members as chains 
and car couplers in which ability to withstand occasional 
heavy shock without rupture is of great importance. 
Wrought iron has a low elastic resistance to impact, but, 
like low-carbon steel has a high resistance to rupture under 
impact. In this respect it does not show any marked 
superiority to the better grades of low-carbon steel, but is 
superior to the poorer grades. 

In considering resistance to static load, it is, in general, 
necessary to consider only the unit stresses set up in the 
most stressed fibers of a member — ^in the smallest cross- 
section of a rod in tension, for example. If a machine or 
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a structiire is to withstand impact, the total deformation of 
any part is effective in increasing the resistance to impact. 
Two rods of the same material with equal cross-section 
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have the same static strength in tension irrespective of 
their relative lengths; but their ability to withstand impact 
varies directly as their length. 
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Stiffness, Significance of fhe Modulus of Elasticity. — 
The modulus of elasticity of a material is an index of its 
stiffness or rigidity and is the ratio of unit stress withm the 
proportional limit to the corresponding unit strain. The 
stiffness or rigidity of a strong material under working loads 
may be no higher than the rigidity of a weaker material. 
The best illustration of the distinction between strength 
and stiffness is found in the action of steel. All grades of 
steel from the softest rivet steel to the hardest tool steel 
have about the same modulus of elasticity — 30,000,000 lb. 
per square inch. This is illustrated in Fig. 7 which shows 
typical stress-strain diagrams for various grades of steel. 
In Fig. 7 the slope of the line OA indicates the value of the 
modulus of elasticity for all the steel specimens. If the unit 
stresses actually set up in a machine member or structural 
part are within the Umit of proportionality, it makes no 
difference in the rigidity whether soft steel or hard steel is 
used. In machine tools it has been sometimes proposed 
to remedy too great deflection by replacing the flexible 
parts with others made of a stronger, harder steel; this 
usually does no good, as the stresses in machine tool parts 
are usually low, and it is the modulus of elasticity of the steel 
rather than the strength which counts. The use of high- 
strength nickel steel for long-span bridges will allow the use 
of smaller structural members, but the stiffness of the 
bridge will be somewhat diminished by the use of these 
smaller members. 



Selected References for Further Study 

Texts on the Mechanics of Materials 

1. Elementary texts which do not require a knowledge of calculus: 

Murdock: "Strength of Materials," New York, 1911. 
Merriman: "Strength of Materials" (to be distinguished from 
" Mechanics of Materials " by the same author), New York, 1912. 
Slocum: "Resistance of Materials," Boston, 1914. 

2. Elementary texts which require a knowledge of the calculus : 

Boyd: "Strength of Materials," New York, 1917. 
Andrews: "The Strength of Materials," New York, 1916. 
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Houghton; **The Elements of Mechanics of Materials," New York, 
1909. 

Slocum and Hancock: "Text-book on the Strength of Materials," 
Boston, 1906. 
3. More comprehensive texts: 

Merriman: ** Mechanics of Materials," New York, 1915. 

Morlet: "Strength of Materials," London, 1913. 

Church: ''Mechanics of Engineering," New York, 1908. 

Burr: " The Elasticity and Resistance of the Materials of Engineer- 
ing," New York, 1915. 

Lanza: "Applied Mechanics," New York, 1910. 



CHAPTER III 

WORKING STRESS; FACTOR OF SAFETY; 
SELECTION OF MATERIALS 

Working Stress. — In the study of mechanics of materials 
stress is considered as an internal force in a body which 
resists external forces acting on the body. In deaUng 
with members of structures and machines it is needful to 
hold this in view, and to consider also the destructive effect 
of stress, and the accompanying strain, on the materials 
used. Two questions must be answered: (1) What is the 
maximum unit stress set up in the body? This is a ques- 
tion which can be answered by mathematical analysis. 
(2) Does this unit stress exceed the safe stress for the 
material used? This question demands for its answer a 
knowledge of the physical properties of materials. 

In considering the safety under load of a structure or 
a machine, several viewpoints are possible. The designer 
wishes to know how large the members must be to carry 
the given load; the purchaser wishes to know how great 
a load can be safely carried by the machine or the struc- 
ture; the inspector wishes to know how great stresses are 
set up by the loads actually imposed on the structure or 
the machine. All these viewpoints involve a considera- 
tion of the stress set up by the working load, that is, of the 
working stress. A safe working stress for the material in 
a structure or a machine may be defined as a unit stress 
(measured in pounds per square inch) which under the 
conditions of operation or use will not cause structural 
damage. 

The maximum safe working stress for any material is 
always less, much less, than the ultimate strength of the 
material (as determined by tests of sample test specimens). 
Four general reasons may be given for this fact: 

22 
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1. A structure or machine would not give sg^tisfactory 
service if it were on the point of failure. Nearly all 
materials show marked distortion before failure, and the 
stiffness is greatly reduced. 

2. Complete information as to the properties of the 
material in any actual machine or structure is never avail- 
able. Sometimes the process of manufacture of the 
material is not known (for example, it may not be known 
whether steel is Bessemer steel or open-hearth steel; 
whether concrete is hand-mixed or machine-mixed). The 
thoroughness of testing and of inspection of material varies 
widely for different classes of work. If the material is a 
part of a large shipment the inspection and testing may 
have been very thorough; if the shipment was a small 
one there may have been no inspection at all. The process 
of fabrication of the material may have weakened it, as 
is the case with steel plates or shapes in which holes have 
been punched for rivets, or which have been bent or ham- 
mered into position without being heated. The material 
may suffer deterioration as time elapses ; for example, steel 
exposed to moist air or to smoke corrodes unless ,kept 
thoroughly covered with a coat of paint; concrete may be 
weakened by electrolysis from stray currents from street- 
car power circuits; wood decays. 

3. The magnitude of the loads actually applied to a 
machine or a structure, and the magnitude of the stresses 
set up are never known exactly. The loading actually 
placed on the floor of a building or on the roadway of a 
bridge, or the actual working load on a machine will not, 
in general, be exactly that assumed in the design. The 
fitting of members to each other is never perfectly done, 
and the distribution of stress among members is not in- 
frequently markedly different from that assumed in the 
design. For example, for a group of eyebars making up a 
bridge chord, the load is generally assumed to be equally 
distributed among them, actual measurements of strain 
sometimes show considerable differences between the loads 
carried by different eyebars of the group. The uncertainty 
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of distribution of stress between members is especially 
marked in '^ statically indeterminate" structures, such as 
fixed-ended beams, trusses with ''redundant'' members, 
and the Uke. 

The science of the mechanics of materials is not yet com- 
pletely developed. The laws of stress in many common 
structural members are not yet fully known; for example, 
the equations commonly used in designing columns are 
still largely of an empirical nature, different methods of 
computing stresses in curved beams or in thick cylinders 
yield varying results* 

Different kinds of loading produce varying degrees of 
structural distress. A load repeated millions of times is 
far more disastrous than is a steady load, and to some 
materials (notably wood) a long-continued load is more 
destructive than is one of short duration. The damage 
caused by shock incident to the operation of machines very 
often can not be computed with any degree of exactness, 

4. Any machine or structure is Uable to be subjected to 
an accidental or a temporary overload, and some margin 
of safety should be left to provide for this contingency. 
A good illustration of such overloads is furnished by hoist- 
ing chains and ropes, which frequently are subjected to 
excessive load on account of the slipping of hooks and 
hitches. 

Consequence of Failure of Material. — In determining 
the maximum safe working stress for any machine member 
or structural part, the consequences of failure should be 
taken into consideration. If failure of the piece en- 
dangers human Ufe, the allowable working stress is to be 
taken less than for a similar piece whose failure involves 
merely material damage. If the failure of a particular 
piece will not cause complete collapse of the structure, 
and if it can be readily replaced, a relatively high working 
stress may be allowed. 

Certain types of machine and structural members do 
not normally carry any great amount of stress in service, 
but are provided for the purpose of insuring the machine 
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or structure against sudden, destructive collapse if the 
main members fail. Spiral-steel reinforcement in concrete 
columns furnishes an excellent illustration of this ''in- 
surance" under a load. If a non-reinforced concrete 
column is loaded to the ultimate, a shattering collapse 
takes place, while if the column is reinforced by a spiral 
of steel the same load causes a large distortion, but the 
failure is a gradual one instead of sudden, complete collapse. 

Factor of Safety.— A method which has been widely 
employed for determining the maximum allowable working 
stress for a material consists in dividing the ultimate 
strength of the material (as determined by laboratory 
tests of specimens) by a ''factor of safety. '' Values of this 
factor in common use vary all the way from 2.5 for steel 
under steady load to 15 or 20 for timber under repeated 
load or shock. The use of this term "factor of safety'' 
not infrequently gives the designer or the purchaser a false 
sense of security. If a structure is designed with a factor 
of safety of 5 it is by no means certain that it will stand up 
under five times the working load^ The factor of safety 
is really more of a factor of uncertainty than a factor of 
safety. 

Standard Allowable Working Stresses. — In the drafting 
room of a machine-building plant or of a large structural 
firm allowable working stresses for the common materials 
become fixed by experience. For example, it has become 
very general practice to allow under steady load a working 
tensile stress of 16,000 lb. per square inch for structural 
steel rolled into rods, plates, or beams. In building con- 
struction, standardization of working stresses has pro- 
ceeded so far that in the building laws of most large cities 
the maximum allowable working stresses for the common 
structural materials are definitely fixed. Table 1, Chap. 
XX, gives a summarized statement of some such allowable 
stresses. Technical committees composed of members 
of the leading engineering societies have also formulated 
codes giving allowable stresses for some structural materials. 

In machine building, standardization of working stresses 
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is more difficult than in structural work; the variety of 
materials used is greater, and the conditions of service 
less certain. In a large manufacturing establishment 
certain standard allowable stresses are soon developed for 
its particular line of work. The tables of allowable stresses 
and of working formulas given in the various handbooks 
for machine and structural designers give valuable informa- 
tion as to allowable stresses, but such tables must not be 
used blindly without any consideration of their limita- 
tions. The study of the proportions of and probable 
stresses in successful machines is often the best guide for 
the machine designer or the purchaser in cases where 
practice has not yet standardized allowable working 
stresses. 

Materials for Various Classes of Machines or Struc- 
tures. — Some illustrations of the selection of materials for 
machine and structural parts will be given in this section. 
The selections noted are to be regarded as typical rather 
than as furnishing anything like a complete list. 

Bridges. — The materials usually available for bridge 
work are timber, concrete, steel, and stone. For short- 
span bridges timber usually is the cheapest, the lightest and 
the least durable material. For temporary structures, 
miUtary bridges and bridges on roads to logging camps or 
contractors' camps, timber is the material usually used. 
For permanent bridges timber is now rarely used. If the 
bridge is a long-span bridge, steel is in nearly all cases the 
best material io use, since in a long-span bridge the dead 
weight of the material furnishes a large part of the total 
load, and for a given strength a steel structure is lighter 
than one of concrete or stone. For very long spans nickel 
steel or other special steel of high strength is frequently 
used. For short-span bridges both steel and concrete are 
used. The relative cost and the degree of permanence of 
the work varies with the location, the surroundings, and 
the character of the traffic. A well-made reinforced- 
concrete bridge suffers less deterioration and costs less for 
upkeep than does a steel bridge, and is subject to less 
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vibration under heavy loads. For the floor of the bridge, 
timber and reinforced concrete are used; the use of rein- 
forced concrete is becoming more and more common. A 
combination of bridge materials frequently used is steel for 
the main trusses or beams, and for floor beams; and rein- 
forced concrete for the floor of the bridge. Stone masonry 
bridges are built for locations involving short spans, where 
appearance anrl permanence are factors overbalancing first 
cost. 

Buildings. — Timber is used for temporary construction, 
and for buildings for which low cost is the prime considera- 
tion. For the framework of very high buildings steel is the 
material nearly always used. For the beams of factories, 
warehouses, and public buildings steel, reinforced concrete, 
and timber are used. For the columns the above materials 
are used, also for short columns, terra-cotta, brick, and cast 
iron. For walls brick, concrete blocks and stone masonry 
are used and for light walls which do not have to carry 
much stress timber with plaster on laths, terra-cotta, and 
gypsum are used. As in the case of bridges, stone ma- 
sonry is used where fine appearance and permanence over- 
balance considerations of first cost. 

Shafting.— Strength, stiffness, and compactness are very 
necessary properties in shafting, and steel is the material 
in almost universal use. Cold-rolled steel is very widely 
used on account of the ease and cheapness with which it 
can be rolled true to shape and to size. For shafting to be 
used in machine tools or other machines in which accuracy 
of motion is of prime importance, cold-rolled shafting is too 
liable to ''spring'' out of shape if machined, on account of 
the heavy internal stresses set up in it by the cold-rolling 
process. For such machines turned steel shafting is used. 
For very hard service, automobile shafts, screws for screw 
presses, etc., shafting of special alloy steels of high strength 
is used. It should be remembered, however, that if the 
working stresses are low, a shaft of ordinary low-carbon 
steel is as stiff as one of high-carbon steel or of special alloy 
steel (see page 18). 
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Railway Equipment.^Couplers, yokes (for holding the 
couplers) and bolsters (for carrying the bearings) are usu- 
ally made from steel castings. The complicated shapes 
required makes it expensive to use pieces built up of rolled 
steel, and under the repeated pounding of railroad service 
every joint in a built-up member is a source of possible 
weakness. The recent improvements in the process of 
casting and heat-treating steel places this material in a 
position of first importance for railway appliances. Loco- 
motive frames are sometimes steel castings and sometimes 
forgings. Brake beams for locomotives and cars are usu- 
ally built up from rolled shapes, and rods. For railway 
service toughness is an important quality for materials on 
account of the frequent heavy shocks to which equipment 
is subjected. 

Car Wheels. — The requirements for the material in the 
different parts of a railway car wheel are diverse. The 
tire must be hard to resist wear; the hub and plate (or 
spokes) should not be brittle on account of the shock 
which must be withstood. Two solutions for these di- 
verse requirements are common: (1) the wheel is made of 
cast iron, the hub and plate being soft gray iron, while the 
rim is ''chilled'' and consequently hard; and (2) the wheel 
is made of rolled steel of a grade which combines consider- 
able hardness with a fair degree of ductility. Both cast-_ 
iron car wheels and steel car wheels have their advocates, 
and both are in extensive use. 

Machine Frames, — For machine frames in which stiff- 
ness and steadiness against vibration are the prime requi- 
sites and in which weight is not objectionable (for ex- 
ample, the frame of a steam engine or of a machine tool) 
cast iron is the material usually used on account of its low 
cost. For machine frames carrying heavy stresses (for 
example, punch and shear frames) cast iron is sometimes 
used, frequently the special cast iron known as ''semi-steeP' 
is used, and sometimes steel castings are used. The use of 
steel castings for heavily stressed frames is constantly 
increasing. 
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Engine, Pump, and Hydraulic-press Cylinders. — For 
cylinders carrying low pressures — engine cylinders, air- 
compressor cylinders, and low-pressure pump cylinders — 
cast iron is the material commonly used. For such cylin- 
ders the thickness is determined not by considerations of 
strength but by considerations of foundry practice — ^it is 
not possible to cast a very thin cylinder. Cast iron makes 
a much better bearing metal for the rubbing of the piston 
than does steel. For high-pressure cylinders, for example, 
cylinders for hydraulic presses, steel castings or steel forg- 
ings are used because of their ability to resist the high 
stresses which are set up. For such cylinders the speed 
of rubbing of piston over cylinder is usually low and the 
effect of the high friction of steel on steel is not so im- 
portant. Where there is great danger of corrosion, brass 
or bronze linings are frequently used with steel cyUnders, 
and the small cylinders of high-pressure hydraulic pumps 
are frequently made of bronze castings. Bronze is expen- 
sive, but it combines strength, good bearing qualities and 
resistance to corrosion. 

Bearings. — The material for bearings usually is chosen 
for its smooth-wearing qualities rather than for its strength, 
though for bearings in machines subjected to heavy static 
loads, or to severe impact, bearings must be made of 
material having a good degree of compressive strength. 
Steel makes a poor bearing material for steel shafts or 
sUdes. Steel rubbing on steel develops a rough, torn sur- 
face which soon becomes hot. Cast iron makes a much 
better bearing metal for steel shafts than does steel, though 
its brittleness limits its use to bearings not subjected to 
shock. Bronze is an excellent bearing metal especially 
for heavy loads. Numerous ''soft*' bearing alloys are in 
use. Prominent among these is Babbitt metal, an alloy 
of antimony, tin, and copper. Other alloys contain vary- 
ing proportions of antimony, tin, and lead. These soft 
bearing metals are widely used for bearings which run under 
light steady pressure. These soft alloys can be readily 
melted and cast in place round a shaft, and in case the metal 
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becomes accidentally overheated and melted out it can be 
readily replaced. The soft bearing metals are not suitable 
for use under heavy pressures, which cause them to ' ' flow. " 

Selected References for Further Study 

Amv detailed list ot references for allowable stresses in structures and 
machines would cover several pages of this book. In general, such refer- 
ences would include: Pocket Books and Hand Books for Civil, Mechanical 
and Architectural Engineers; Building OrdinanceB of Cities; Handbooks of 
Steel Manufacturing Companies; and Reports of Committeea of Engineering 
SocietieB. 



CHAPTER IV 
THE MANUFACTURE OF PIG IRON 

Occurrence of Iron in Nature. — Iron is found in nature 
in the form of vast deposits of iron ores, most of which are 
iron oxide. It is possible to produce nearly pure iron direct- 
ly from the ore by the removal of oxygen from iron oxide ^ 
(this process is called reduction of the ore) ; it has been found 
more economical, however, to first reduce the ore to an 
impure iron containing a high percentage of carbon. This 
reduction takes place in a tall stack known as a blast fur- 
nace. The impure iron produced in a blast furnace is 
known as pig iron; and this pig iron may be further refined 
by means of an open-hearth furnace, a Bessemer converter, 
a puddling furnace, or an electric furnace. Descriptions 
of these refining processes are given in succeeding chapters. 

Ores of Iron. — The principal ore of iron is hematite 
(ferric oxide Fe203) ; other ores are magnetite (Fe304) and 
siderite or spathic ore (FeCOs). The value of an iron ore is 
determined largely by the percentage of iron it contains. 
Ores carrjdng 50 per cent, or more of iron are known as 
high-grade' ores. Ores carrying less than 50 per cent, of 
iron are called low-grade ores. The value of an ore is also 
affected by the nature of the impurities it carries. Com- 
mon impurities present in iron ore are sulphur (as sul- 
phides), phosphorus (as phosphates) silica and earthy mat- 
ter. Sulphur and phosphorus are especially undesirable 
elements in iron ore. 

^ In earlier times direct reduction of ore to nearly pure iron was the com- 
mon method used in producing iron, and today there is some promise of 
commercial usefulness for a process producing pure iron direct from iron ore 
by means of the electric furnace (see page 67). The direct production of 
iron from ore 16, however, mainly of historical interest. 
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Fig. 8 shows the location of the principal iron ore deposits 
in the United States. About 85 per cent- of the ore mined 
in this country comes from the Lake Superior region and is 




red hematite. The ore of the Alabama region is of lower 
grade than that from the Lake Superior region, but the Ala- 
bama region is the next in importance to the Lake Superior 
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region in amount of production. The purest ores in the 
world are found in Sweden, and the pig iron, and pure 
iron reduced from those ores is of the highest quality. The 
annual output of iron ore for the United States in normal 
times is about thirty million tons. 

Reduction of Ore to Pig Iron, — Iron ore is, in general, 
iron oxide, and to be changed to metaUic iron it must 
be deoxidized or reduced. The reducing agent is carbon 
which is also used as fuel, and in the reducing process the 
iron is produced in a molten condition, in which state it 
takes up carbon from the fuel, and the resulting product is 
highly carbonized iron. 

Fuel for the Reduction of Iron Ore.^The carbon fuel 
for the reduction of iron ore is usually suppUed in the form 
oicoke. About six-tenths of the coke now produced in this 
country is produced by the distillation of bituminous coal 
in closed retorts known as "bee-hive" ovens, in which all 
the products of distillation except the coke are wasted. 
Every year, however, sees an increasing proportion of the 
coke produced in ovens designed to utilize or recover the 
products of distillation which include the hydrocarbon 
gases, and the tar and ammonia products produced. 

In some pig-iron producing plants anthracite coal is 
used as a fuel. In a few furnaces producing a very high 
grade of pig iron charcoal is used. Charcoal contains 
fewer contaminating ingredients than does coke, but is 
very expensive. Sulphur is an ingredient which is espe- 
cially troublesome in coke. 

Flux Used in Reducing Iron Ore, — In addition to ore and 
fuel it is necessary in the reduction of iron ore to provide 
some material which will unite with the impurities of the 
ore forming a fusible mixture. This material is called a 
flux and must itself be free from undesirable ingredients, 
especially sulphur and phosphorus, and since most of the 
impurities found in iron ore give an acid reaction in the 
reducing process, the flux should be strongly basic. Lime- 
stone is the flux generally used, and the combination formed 
of flux and impurities, known as slagj is fusible and lighter 
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than the pig iron formed. The slag floats on top of the 
molten iron and this renders the separation of iron from 
slag easy. 

The Blast Furnace. — The reduction of iron ore is carried 
out in a tall vertical stack lined with firebrick known as a 
blast furnace. Fig. 9 is a diagram of a blast furnace of di- 
mensions common in American practice. The names of 
the principal parts shown in Fig. 9 and the approximate 
dimensions can be determined from the scale at the left ot 




I. Steel Co., Gary, Indiana. 

the figure. Fig. 10 is from a photograph ot a blast-furnace 
plant and shows the general arrangement, with the storage 
piles of ore and limestone. 

The ore, the fuel, and the flux for the blast furnace are 
carried to the top by means of the inclined hoist or "skip" 
(see Figs. 9 and 10) and there are fed in alternate layers of 
fuel, ore, and flux into the furnace through the double bell 
and hopper arrangement which is so designed that at no 
time is the interior of the blast furnace in direct communi- 
cation with the outside air. The ore, fuel, and flux are 
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fed to the furnace in the approximate proportion for the 
whole charge of one-sixth flux, a little less than one-third 
fuel, and a Uttle more than one-half ore. The combustion 
of the fuel takes place principally at the bottom of the 
furnace in a blast of air forced through nozzles or tuyeres 
under a pressure of about 15 lb. per square inch, and the 
carbon (coke) is changed to carbon monoxide. This car- 
bon monoxide coming into contact with the hot ore reduces 
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Fig. 11. — Principal reactions and temperatures in blast furnace. 

the ore to molten metallic iron which drips down to the 
hearth at the bottom of the furnace. The earthy impurities 
of the ore unite with the limestone and form a molten slag, 
which floats on top of the molten iron. At intervals the 
slag is drawn off by means of unplugging the cinder notch 
and the iron is drawn off through the tap hole in the hearth. 
The molten iron reduced from the ore as it drips through 
layers of partially burned coke, becomes saturated with 
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carbon. Some of the carbon absorbed is chemically com- 
bined with the iron, and some is merely mechanically 
mixed with the iron in the form of crystals of graphite. 
The principal chemical changes and the temperatures 
attained are shown in Fig. 11. The chemical changes given 
above represent in a general way what happens in a blast 
furnace. The actual reactions are very complicated. 

Preheating the Blast, Hot Stoves. — The blast of air 
blown through the tuyeres is furnished by means of large 
blowing engines. A great increase of economy of operation 
of the furnace is brought about if heated air is blown mto 
the furnace. Fot heating the incoming air the heat of the 
exhaust gases of the blast furnace is utiUzed by means of 
a ''hot-blast stove/' shown in diagram in Fig. 9, and the 
utiUzation of heat which would otherwise be wasted is a 
source of great economy in the blast furnace, or, for that 
matter, in most metallurgical processes. Each stove is a 
steel shell lined with firebrick and filled with a checker- 
work of firebrick through which the hot gases from the 
blast furnace or cold air from outside may be passed. Four 
of these stoves are usually used with a single blast furnace. 
The hot gases from the furnace pass through three of these 
stoves (stoves 2, 3 and 4) . The waste gases contain carbon 
monoxide, an inflammable gas, and this gas is burned as 
it passes through the stoves, and the brickwork inside the 
stove is heated to a high temperature. Meanwhile the 
outside air for the blast is being forced through the fourth 
stove (stove 1, Fig. 9) which has been previously heated 
by the escaping gases from the blast furnace, and this air 
is heated to a temperature of about 1,000^F. before being 
blown through the tuyeres. At intervals of about 20 min. 
the current of air is switched from one stove to another. 
The stoves are thus alternately heated for an hour by the 
blast-furnace gases and then used for 20 min. to heat the 
incoming air. The general method of utiUzing the heat of 
exhaust gases to preheat the air for a furnace is called 
the " regenerative '^ process and is widely used in the pro- 
duction of metals. Usually there is more heat energy in the 



38 MATERIALS OF ENGINEERING 

carbon monoxide of the blast furnace gases than is neces- 
sary to heat the blast, and the excess is used as fuel under 
the boilers for the blowing engines where these engines 
are steam engines, or is used directly in the blowing en- 
gines where these engines are gas engines, and in some 
cases there is still an excess of carbon monoxide which is 
utilized in driving gas engines which furnish power for 
general consumption. 

Production of Pig Iron, — The operation of a blast fur- 
nace is continuous. A blast furnace of the size shown in 
Fig. 9 is capable of producing about 500 tons of pig iron 
per day of 24 hr. To produce this amount of pig iron there 
must be fed into the furnace about 1,000 tons of ore, 500 
tons of coke, and 300 tons of limestone. About 2,000 tons 
of air are blown through the furnace. Molten pig iron is 
drawn oflf about every 6 hr. 

If the pig iron is to be used in steel-making, it is usually 
conveyed from the blast furnace in a molten condition to 
the steel plant. Special ladle cars are used for this purpose. 
If the pig iron is to be shipped to a steel plant at a distance 
or is to be used for making cast iron, it is cast into small 
pieces about 2 ft. long weighing about 100 lb. each. These 
are called ''pigs.'' Two methods of casting pigs are used. 
The older method uses open molds in a sand bed directly 
in front of the blast furnace. The molten pig is led directly 
through the sand channels to the pig molds. This method 
is simple, but the heat produced on the casting floor makes 
the work of manipulation very exhausting, and consider- 
able time elapses after a melt of iron is poured into the 
molds before it cools sufiiciently to allow the removal of 
the pigs, and the preparation of the casting bed for another 
melt. Sand casting beds for pig iron are not much used 
today. 

A more recent method of producing pigs of iron is to use 
casting machines. These consist of cast-iron molds lined 
with fireclay and arranged as buckets on an endless chain. 
These buckets are passed right side up in front of the blast 
furnace, and are filled with molten pig iron. The chain of 
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molds is long enough so that when a mold reaches the end 
pulley over which the chain turns, the pig iron in that 
mold has solidified, and as the mold is turned upside down 
the pig is dumped into a car. 

Utilization of Blast-furnace Slag. — The slag from the 
blast furnace is run off into slag cars or granulated by- 
contact with a stream of water. Blast-furnace slag is 
sometimes utilized in making Portland cement, and in 
making mineral wool (a substance used for heat insulation 
or ''lagging")- It is also sometimes used as an ingredient 
in paint or as ballast material for railway tracks. 

In the blast furnace, h-on absorbs other impurities be- 
sides carbon. Sulphur and phosphorus are often absorbed 
from the fuel or from the flux, and these ingredients are 
very undesirable in iron and steel because they cause brittle- 
ness. (In iron castings in which brittleness is not objec- 
tionable, such as stove castings, phosphorus makes the 
molten cast iron very fluid and the castings produced very 
sharp and true to the form of the mold.) Pig iron is not 
used directly as a structural material. When remelted in 
a foundry cupola with scrap iron and cast into molds it is 
known as cast iron. The greatest use of pig iron is as the 
raw material for making steel. 

Selected References for Further Study 

Thurston: "Text-book of the Materials of Construction,'-' New York, 
1900, Chaps. II and III. This book gives an especially good historical 
sketch of the development of the iron industry. 

Stoughton: "The Metallurgy of Iron and Steel," New York, 1911, Chaps. 
I and II. An excellent treatise by an American metallurgist. 

Turner: "The Metallurgy of Iron," London, 1908. Chaps. I-X inclusive. 
A comprehensive treatise by a British metallurgist. 

Forsythe: "The Blast Furnace and the Manufacture of Pig Iron," New 
York, 1908. A concise text descriptive of American practice. 

Macfarlanb: "The Principles and Practice of Iron and Steel Manufac- 
ture," London, 1906, Chaps. XVIII-XXIII inclusive. A concise 
treatise by a British metallurgist. 



CHAPTER V 
THE MANUFACTURE OF WROUGHT IRON 

Importance of Wrought Iron. — The methods in use for 
the refining of pig iron all include the removal of carbon 
from the pig iron by means of oxidation. The oldest 
method of refining pig iron is the puddling process which 
produces wrought iron. 

Up to the latter part of the nineteenth century wrought 
iron was the most important of the iron and steel products, 
but the development of the Bessemer and of the open- 
hearth processes for refining pig iron into steel made 
wrought iron of secondary importance as a structural 
material. Wrought iron is, however, still used extensively 
for general blacksmithing work, on account of the ease of 
welding wrought kon as compared with steel; and for 
water and gas pipes on account of the judgment of many 
users that wrought iron rusts less easily than does steel 
(upon this question there exist sharp differences of opinion 
among metallurgists, see page 99). Wrought iron is 
also used for bolts and rods subjected to severe shock on 
account of the belief held by some engineers that wrought 
iron, on account of its ''fibrous'' nature, offers better 
resistance to shock than does steel (see page 174). 

Definition of Wrought Iron. — Whether wrought iron 
shall be distinguished from steel by its low carbon content 
or by its method of manufacture is a much-debated ques- 
tion. The following definition as given by the American 
metallurgist Bradley Stoughton has been adopted for this 
book: 

"Wrought iron is almost the same as the very low-carbon steels except 
that it is never produced by melting and casting in a mold but is always 
forged to the desired size and form. It usually contains less than 0.12 
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per cent, of carboa. Its chief distinction from the low-carbon eteels ia 
that it is made by a process which finishes it in a pasty, instead of a 
liquid form and leaves about 1 or 2 per cent, of slag mechanically 
disseminated through it." 

The Puddling Process. — Wrought iron is produced by 
tiie removal of impurities from pig iron in a furnace known 
as a puddling furnace. A special pig iron known as forge 
pig is used. Forge pig contains a high percentage of silicon 
which aids in forming a layer of molten slag protecting the 
molten pig iron from oxidation by the air. A sectional 
diagram of a puddling furnace is shown in Fig. 12. The 




Fio. 12. — Diagram of puddling furaace. 



fuel usually used is soft coal (occasionally gas is used) and 
the fire is built on the grate G; the flame passes over the fire 
bridge and is reflected by the roof of the furnace to the 
hearth, which is bedded or "fettled" with rich iron oxide 
which has a basic reaction, offsetting the acid properties 
of the silicon in the forge pig. A charge of about 500 lb. 
of forge pig is placed on the hearth and the draft to the 
chimney is opened wide so that the fire bums vigorously. 
In about half an hour the pig iron is melted. During this 
melting stage nearly all the siUcon, manganese, and a con- 
siderable part of the sulphur and phosphorus present have 
been taken from the pig by uniting with the basic iron oxide 
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to form a slag. It is necessary that the slag should be 
basic, else the phosphorus will return to the iron. 
After the melting stage is complete the damper in the 




Preparing to draw the ball. 

Fia 13. — View in putldling-fumace plant. Interstate Iron and Steel Co, 
Chicago, m, 

stack is closed and the temperature of the furnace reduced. 
There ensues a combination of the carbon of the pig- with 
the oxygen of the iron oxide and carbon monoxide (CO) 
is formed. This stage of the puddling process is called the 
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''boil/' on account of the frothing and increase of volume 
of the molten charge in the furnace as the carbon monoxide 
bubbles through it. The charge rises in the furnace much 
as boiling molasses rises in a kettle, and this rising permits 
the removal of about half the slag, by allowing it to ''boil 
over'' the sill of the slag door S into a ladle, called a "slag 
buggy" placed just outside the slag door. During the 
boil particles of pasty iron begin to separate from the boil- 
ing mixture of molten slag and molten pig iron and by 
opening the chimney damper the temperature is gradually 
raised to preserve a proper degree of fluidity of the charge. 
The furnace operator, known as the "puddler," prevents 
these particles of iron from sticking to the bottom of the 
furnace by vigorously stirring ("rabbling") the charge 
with a long iron hoe through the door D. 

After the boil has been in progress for about half an hour 
all the iron has separated in pasty masses from the sur- 
rounding slag and is said to "come to nature." The 
temperature of the furnace is reduced by closing the 
damper in the chimney, and the puddler and his assistant 
by means of a long rod gather the pasty particles of iron 
into "muck" balls weighing about 100 lb. apiece, and these 
balls (four or five for each heat) are removed one by one 
from the furnace (see Fig. 13). These balls contain a large 
amount of slag mixed with the iron. They are removed 
to a squeezer or a hammer where most of the liquid slag 
is squeezed out of the ball, much as water is squeezed out 
of a sponge. After squeezing, the balls are rolled into 
bars known as "muck bars;" these muck bars are cut 
and piled in crosswise layers, heated to a welding heat and 
rolled into "merchant" bars, — flats, rounds, squares, plate, 
or other shapes. This "merchant bar" is the wrought 
iron of commerce. 

Characteristics of Wrought Iron. — The distinguishing 
characteristic of wrought iron is the presence of fibers of 
slag extending through the iron in the direction of rolling. 
Slag is never completely removed by the squeezing process. 
The characteristic slag fibers can usually be detected by 
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etching a polished surface with acid. If the material is 
wrought iron the slag fibers cause the surface to turn black. 
These slag fibers can be detected with certainty under the 
microscope (see Fig. 14). Small bars of wrought iron may 
sometimes be distinguished from bars of soft steel by allow- 
ing both to fall on a stone or on a concrete floor; the steel 
"rings" while the iron gives a dull thud. Another test is 
the "nick bend" test. A bar of the material is nicked with 




rought iron, showing alag " fiber." 
MagDificsdon 100 times. 

a sharp chisel and broken by bending. Wrought iron shows 
a fibrous fracture for such a test. A careful examination 
for the presence of slag is, however, the only certain means 
of distinguishing wrought iron from steel. 

Wrought iron is more costly than low-carbon Bessemer 
or open-hearth steel, and this leads to the occasional adul- 
teration of wrought iron with a cheap grade of scrap steel. A 
mixture of bars of wrought iron and of scrap steel is piled 
together, heated to a welding temperature, rolled into 
"merchant bars" and sold as wrought iron. Of course, this 
mixture is not wrought iron, and it exhibits many of the 
properties of soft steel. This adulterated wrought iroD 
should be distinguished from the "knobbled" wrought 
iron described in the next paragraph. 
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Charcoal Iron, — ^While a mixture of steel scrap and 
wrought iron merely welded together is a very inferior prod- 
uct/an excellent grade of wrought iron is made from steel 
scrap by melting or ''sinking^' in a small puddUng or ''knob- 
bling " furnace in which charcoal is used as a fuel. A highly 
basic slag is used as in a large puddUng furnace, and the 
entire charge of steel scrap is transformed into true wrought 
iron. The removal of impurities is very nearly complete. 
Charcoal iron is used for some electrical apparatus, and for 
boiler tubes where a high degree of purity seems to give to 
the iron a power of resistance to corrosion. 

Selepted References for Farther Study 

Thurston: "Text-book of the Materials of Construction," New York, 
1900, Chap. IV. Especially valuable for the historical data it contains. 
Not descriptive of recent practice. . 

Stoughton: "The Metallurgy of Iron and Steel," New York, 1911, Chaps. 
Ill and IV. An excellent general treatise by an American metallurgist. 

Tubnbb: "The Metallurgy of Iron." London, 1908, Chaps. XIII-XVI 
inclusive. A comprehensive treatise by a British metallurgist. 

Campbell: "The Manufacture and Properties of Iron and Steel," New 
York, 1907, Chap. III. An excellent general treatise, somewhat tech- 
nical, by an American metallurgist. 

Macfarlanb: "The Principles and Practice of Iron and Steel Manufac- 
ture," London, 1906, Chap. III. A concise text by a British metal- 
lurgist. 
For references on the relative durability of wrought iron and steel see 

list at the end of Chap. XII. 



CHAPTER VI 

THE MANXJFACTURE OF OPEN- 
HEARTH STEEL 

General Features. — In the refining of pig iron into steel 
complete fusion takes place. The steel is drawn off from 
the refining furnace in a molten state instead of being re- 
moved in pasty balls as is the case with wrought iron. The 
process most extensively used in making steel is the open- 
hearth procesSy sometimes called the Siemens-Martin proc- 
ess. In this process pig iron, steel scrap, and iron ore are 
placed on a shallow hearth, and are subjected to intense 
heat from a flame of gas or hquid fuel. The pig iron, steel 
scrap and iron ore constitute the charge, and under the in- 
tense heat the charge melts and a slag is formed which floats 
on top of the melted charge. This slag contains the iron 
ore (iron oxide) , and the carbon and other impurities of the 
pig iron are oxidized and go into the slag. Direct contact 
of air with the molten pig iron would oxidize not only the 
impurities, but a considerable amount of iron as well. The 
oxygen in the slag is in the form of iron oxide, which will 
not attack iron, but will oxidize the impurities in the pig 
iron. Air, which is fed to the furnace with the fuel, oxidizes 
the slag, and the slag not only oxidizes the impurities in the 
pig iron, but also serves as a protective blanket against 
direct action of the air on the molten pig iron. The iron 
oxide in the slag serves as a carrier of oxygen from the air 
to the impurities in the pig iron. 

Basic and Acid-steel Processes. — In most iron ores phos- 
phorus is present in small quantities. Phosphorus is a very 
undesirable ingredient in steel, because it makes steel brittle, 
andifif ores containing considerable phosphorus are to be 
used — and the supply of low-phosphorus ores is rapidly 
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diimmshing — this phosphorus must be removed in the proc- 
ess for refining pig iron into steel. Phosphorus oxidizes 
readily under the action of the slag in the open-hearth proc- 
ess, but if the slag is acid, the phosphorus is found com- 
bined with the steel again as the steel is drawn out of the 
furnace. If, however, the slag is basic, the phosphorus 
combines with the slag, and the steel is freed from its ob- 
jectionable presence. 

In the steel-making process in widest use in the United 
States calcined limestone is added to the charge fed into the 




Fia. 15. — Diagrani of open-hearth ateel furnace. 

furnace. This renders the reaction of the molten charge 
basic, and the phosphorus in the pig iron and in the ore of 
the charge is removed from the steel and carried into the 
slag, where it remains. In the acid process, which is less 
used, no limestone is added to the charge, the reaction of the 
molten charge is acid, and the phosphorus of the pig remains 
in the steel. The addition of the limestone and the removal 
of phosphorus renders the basic open-hearth process some- 
what more laborious and somewhat longer than is the acid 
process, but the cost of the extra labor is more than com- 
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pensated by the ability to make use of the cheaper ores of 
iron, which, in this country are too high in phosphorus for 
the acid process. 

The Open-hearth Furnace. — Figs. 15, 16 and 17 show 
diagrams and a general view of the type of open-hearth 
furnaces common in the United States. A shallow hearth 
H lined with refractory brick contains the charge, and 
above this hearth is a roof lined with firebrick. Gas is the 
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Fia. 16. — Diagram of open-hearth steel plant. Section of furnace ia at 
angles to tie aecUou shown in Fie. 15. 






fuel commonly used. Gas and air, preheated, are admitted 
through ports, P. A chimney provides draft. The ingre- 
dients of the charge (pig iron, steel scrap, iron ore, and, for 
the basic process calcined Umestone) are fed through a 
charging door D, and after the process is complete the 
melted steel is tapped off through a tap hole T. 

The air is preheated by passing it through passages C ' 
which are filled with a checkerwork of brick which has been 
preheated by the exhaust gases from the furnace. The 
regenerative principle is the same as that utilized in the 
' ' stoves ' ' of the blast furnace. At least four heating cham- 
bers are used with each open-hearth furnace. As shown 
in Fig. 15 they are located under the furnace, and the cur- 
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rents of incoming air and gas and outgoing hot gas are 
switched from one chamber to another at intervals of about 
20 min. 

The general appearance of acid open-hearth furnaces and 
basic open-hearth furnaces is the same. Fig. 17 is from 
photographs of an open-hearth plant. An acid open-hearth 
furnace is lined with some form of silica brick, and a basic 
furnace with some form of dolomitic Umestone, or with 
calcined magnesite. The silica brick has an acid reaction, 
and resists corroding action by the charge fed to the fur- 
nace in the acid process; the dolomitic Umestone has a basic 
reaction, and resists corroding action by the charge fed to 
the furnace in the basic process. The lining of an open- 
hearth furnace takes no active part in the refining of the 
charge into steel. 

Charging the Open-hearth Furnace. — The charge of pig 
iron,, steel scrap, iron ore and, for basic open-hearth fur- 
naces, limestone is sometimes fed to the furnace by hand, 
but more often by a charging machine. A common type 
of charging machine is shown at M in Fig. 16. The opera- 
tor seated at the rear end of the machine 0, a safe distance 
away from the heat of the furnace, can control the motor- 
driven mechanism which picks up the bucket B containing 
the charge, which shoves the bucket with its charge into 
the fm-nace (broken lines in Fig. 16), which dumps the 
charge, and which backs the empty bucket out of the fur- 
nace. The pig iron of the charge is fed to the furnace, 
sometimes in a solid state, but usually molten. Fig. 17a 
shows molten pig iron being fed into the furnace. 

The Control of the Open-hearth Process. — The open- 
hearth furnace shown in Figs. 15 and 16 has a capacity 
of about 60 tons per charge, which is about the average 
size for open-hearth furnaces. About 8 hr. are required 
to refine a charge. The process may be watched through 
peep holes in the furnace doors, and at intervals small 
samples of the molten contents of the furnace are dipped 
out, run into molds, cooled, and broken. Whether the 
refining process has progressed far enough may be told by 
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Fra. 17. — General view in opeD-heaitii steel plant U. S. Steti Co., Guy. Indiana. 
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the appearance of the fracture of these test pieces, or from 
a quick chemical analysis. If, from the condition of a test 
sample, it is found necessary to oxidize out more > impuri- 
ties, iron ore may be added to the charge in the furnace. 
The open-hearth process is under excellent control. 

Recarburization of Steel. — Usually in the open-hearth 
process, especially in the basic open-hearth process, in 
order to insure the thorough removal of impurities the 
refining process is carried so far that the product is lower 
in carbon than is desired. This is remedied by adding 
carbon in some form, usually in the f oriyi of f erromanganese, 
a pig iron rich in manganese and carbon; sometimes the 
addition of carbon is made in the form of powdered coke 
or charcoal. This addition of carbon to the refined charge 
is called recarburization. Recarburization for acid open- 
hearth steel is sometimes carried out in the furnace before 
tapping the charge, but for basic steel recarburization is 
carried out in the ladle into which the charge is tapped and 
from which the slag has been removed. The manganese 
of the ferromanganese used as a recarburizer is a valuable 
ingredient to add to steel on account of its powerful affinity 
for oxygen and sulphur. Its addition tends to cause any 
oxygen present to combine with the manganese rather than 
with the iron and also serves to neutralize the bad effects 
of any sulphur present by causing a combination of sulphur 
and manganese in place of a combination of sulphur and 
iron. Sulphur is an undesirable element in steel, making 
it brittle when hot, and therefore very difficult to forge or 
roll into shape. Recently the open-hearth process has 
been successfully used to produce a product very low in 
carbon and manganese — chemically, almost pure iron. 
This product is claimed to offer great resistance to corrosion. 

Other Types of the Open-hearth Furnace. — The type 
of the open-hearth furnace shown in Fig. 17, called the 
stationary type, is the one most commonly used. The 
tapping of the furnace is accomplished by piercing a clay 
plug in the tap hole; this is inconvenient, and sometimes 
at a critical stage of the process delay is caused in doing this. 
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Another form of open-hearth furnace is the tilting furnace. 
In this form of furnace the steel is discharged by tipping the 
whole furnace, which is mounted on rockers, until the tap 
hole comes below the level of the molten charge. The 
tilting furnace is very satisfactory in operation, but its 
first cost and the cost of repairs, power for tilting, and 
general upkeep are higher than for the stationary furnace. 

Fuel for the Open-hearth Furnace. — The fuel in conmion 
use in open-hearth steel furnaces is producer gas. Pro- 
ducer gas is generated in an apparatus called a producer 
by passing air mixed with steam through incandescent 
coal. Producer gas is a very cheap gas of low heating 
power. Other fuels used in open-hearth furnaces are 
natural gas (where available) and oil in the form of spray. 
Powdered coal and tar have each been used to a Umited 
extent, and give promise of usefulness as fuels for open- 
hearth furnaces. 

Arrangement of Open-hearth Steel Plants. — In an open- 
hearth steel plant a number of open-hearth furnaces are 
placed end to end, and this row of furnaces is served from 
a charging floor in front of the furnaces by one or more 
charging machines. The steel is tapped from the rear of 
the furnaces on a casting floor situated at a lower level 
than the charging floor. Fig. 16 indicates the arrangement 
of a plant in diagram, and Fig. 17 shows views of the 
charging floor and of the casting floor of an open-hearth 
steel plant. On the casting floor the steel is tapped into 
a ladle L which carries it to molds. If steel castings are 
to be made, these molds are shaped so as to produce the 
forms desired; if rolled-steel rods, plates, or shapes are to be 
the product, the molds are called ingot molds and the steel 
is produced in large blocks or ingots which are rolled into 
the shapes desired. The production of steel castings is 
treated in Chap. IX, and the production of rolled steel 
in Chap. X. 

Uses and Limitations of Open-hearth Steel. — The 
product of the open-hearth furnace varies in chemical 
composition from almost pure iron up to steel with 1 per 
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cent, of carbon. Open-hearth steel is used for making 
steel castings, and for making rails, rods, plates, structural 
shapes, and spring steel. Owing to the greater purity of 
the pig iron which must be used in the acid open-hearth 
process, acid open-hearth steel is more costly than basic 
open-hearth steel, and by some users is considered to be of 
higher quaUty. 

The refining action of the open-hearth process is limited 
by the fact that air is blown through the furnace with the 
fuel, and that if the removal of impurities is carried to the 
extreme, the steel itself becomes seriously oxidized. At 
the present time for the very highest grades of steel it is 
necessary to use processes which refine steel without direct 
contact of air with the charge in the steel furnace, such as 
the crucible process and the electric furnace. However, 
for all but the highest grades of steel, the open-hearth 
process gives very satisfactory results. 

Selected References for Farther Study 

Stoughton: "The Metallurgy of Iron and Steel," New York, 1911, Chaps. 
Ill and VI. An excellent general treatise by an American metallurgist. 

Habbord and Hall: "The Metallurgy of Steel," London, 1916, Vol. 1, 
Chaps. VI-VIII inclusive. A comprehensive treatise by two British 
metallurgists. 

Campbell: "The Manufacture and Properties of Iron and Steel," 
New York, 1907, Chaps. VIII-XII inclusive. An excellent general 
treatise, somewhat technical, by an American metallurgist. 

Macfablanb: "The Principles and Practice of Iron and Steel Manufac- 
ture," London, 1906, Chaps. X-XII inclusive. A concise text by a 
British metallurgist. 



CHAPTER VII 

THE MANXJFACTURE OF STEEL BY 
THE BESSEMER PROCESS 

General Features. — Next to the open-hearth process the 
most widely used process for refining pig iron is the Besse- 
mer process, so named from its inventor, Sir Henry Besse- 
mer. Until recently this was the most important process 
for making steel. In the Bessemer process molten pig iron 
is poured into a pear-shaped vessel, called a converter, cold 
air is blown through the molten pig iron, and the oxygen 
of the air burns out practically all the impurities of the pig 
iron, including carbon; there is left very nearly pure iron. 
To this molten iron carbon is added in the proportions de- 
sired in the finished product. In this process no outside 
fuel is used, the impurities in the pig iron furnish fuel for the 
process. 

The Bessemer Converter. — The purification of pig iron 
is carried on, in the Bessemer process, in a pear-shaped 
vessel called the converter. Fig. 18 shows in diagram a 
section of a converter, and Fig. 19 is from a photograph of 
a battery of converters in action. The usual capacity of a 
Bessemer converter is from 10 to 20 tons of molten metal 
per charge. 

The converter is lined with bricks of refractory material, 
and the bottom is pierced with holes or tuyeres. Through 
these holes air is forced under a pressure of about 20 lb. per 
square inch, the necessary air pressure being suppUed by 
means of blowing engines. As shown in Figs. 18 and 19, 
the converter is mounted on trunnions; one of the trunnions 
is hoUow and serves as the entrance pipe for the air blast. 

Pig Iron for the Bessemer Process. — The molten pig 
iron which serves as raw material for the Bessemer process 
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is the product of several blast furnaces. It is carried molten 
in ladle cars to a large receiving vessel called a mixer. 
From this mixer the pig, still molten, is carried to the Besse- 
mer converter. The object of the mixer is to secure pig 
iron with the proper composition, and of a higher degree of 








Scale rfAppTXiximtrtt Dimensions in F-H 
Fia. 18. — Diagram of Bessemer converter. 

uniformity than could be secured from one blast furnace 
alone. Bessemer pig is the name given to pig iron suitable 
for conversion to Bessemer steel. It contains about 3 
to 4 per cent, of carbon, 1 to 1.5 per cent, of sihcon, less 
than 0.1 per cent, of phosphorus, and only small quantities 
of sulphur and manganese. 
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ThB Operation of the Bessemer Converter. — The general 
arrangement of a Bessemer steel plant is shown, m diagram, 
by Fig. 20. To receive the charge of molten pig iron the 
converter is tipped down to the position shown in the solid 
tines and the molten pig is poured in. The air blast is 
then tm-ned on and the converter turned to an upright posi- 
tion (dotted lines Fig. 20). The "blow" is then said to be 




Caurt«.V «/ lUinoit Stui Co. 

Fio. 19. — Battery of BesBemer converters in action, niiuois Steel Co., South 
Chicago, ni. Converter A and converter C are " blowing." Steel from converter 
B is being poured into ladle of hydraulic crane at D. Steel ia beinif poured into 
ingot molda at E. 



in progre^. Under the heat of the molten iron the im- 
purities in it ignite and bum in the current of air forced 
through the molten mass, and the temperature is increased. 
Silicon and manganese are the first ingredients to bum out; 
they burn with a yellow flame. After about 4 min. carbon 
begins to bum out with an intense white flame. After the 
carbon is burned out, which occurs after about 10 min. of 
"blow," the flame drops and the contents of the converter 
have become, chemically, nearly pure iron containing, how- 
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ever, some iron oxide and absorbed gases. Attempts 
to use this iron from the Bessemer converter have shown it 
to be weak and brittle on account of the presence of ab- 
sorbed gases and of iron oxide, and it has been found neces- 
sary to add manganese to combine with the oxygen of the 
iron oxide removing it from the metal. 

When the flame of the converter ''drops" the converter 
is tipped into pouring position (dot and dash lines. Fig. 20), 
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Fig. 20. — Diagram of Bessemer-steel plant. 

the blast of air is shut off, and the mass of molten iron is 
poured into a ladle. At the same time there is poured into 
the ladle a small quantity of molten pig iron high in carbon 
and manganese. If the final product of the Bessemer proc- 
ess is to be low-carbon steel, this recarburizing pig iron is 
usually ferromanganese, if the product is to be high-carbon 
steel a pig iron known as spiegeleisen is generally used. 
The ferromanganese or the spiegeleisen is melted in a sepa- 
rate cupola, and is brought in a molten state to the Besse- 
mer plant. The manganese in the recarburizer acts very 
effectively to absorb any oxygen present in the iron and thus 
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to prevent this oxygen uniting with the iron. Manganese 
also unites with sulphur, forming manganesis sulphide, 
which is less injurious to the steel than is iron sulphide. 
The carbon of the recarburizer unites with the iron, and 
steel is the resulting product. 

After the recarburizing process is complete, the ladle of 
molten steel is lifted by a hydraulic crane over a row of ingot 
molds, which are successively filled with the molten steel, as 
shown in Figs. 19 and 20. 

Basic Bessemer Process. — The Bessemer process as 
outlined above is that common in the Bessemer plants of 
the United States. No elimination of phosphorus or 
sulphur takes place in the process, and the quality of the 
steel produced depends largely on the quality of pig iron 
used as raw material. 

In England and especially in Germany, a basic Bessemer 
process is widely used. In the basic Bessemer process, 
limestone is added to the charge, and the blow is continued 
for several minutes after the carbon is burned out. The 
addition of the limestone causes a basic slag to form, and 
the phosphorus of the pig iron is oxidized and retained as 
calcium phosphate by this basic slag. The lining of a 
basic Bessemer converter is of some basic material, such 
as dolomitic limestone, which will not be attacked by the 
basic charge. 

The basic Bessemer process is successful only with pig 
iron high in phosphorus and low in silicon. Low sihcon is 
necessary in order that the charge shall not be acid rather 
than basic, and if the sihcon is low, there will not be enough 
fuel (furnished by the other impurities of the pig) unless 
phosphorus is high. There are practically no American 
ores which produce pig iron high enough in phosphorus for 
the basic Bessemer process.^ American pig iron too high 
in phosphorus for the acid Bessemer process, as the ordinary 
American Bessemer process is sometimes called, is made 
into steel by the basic open-hearth process. 

^ The Basic Bessemer process is used in at least one Canadian steel plant. 
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General Quality and Use of Bessemer Steel. — The Bes- 
semer process of steel making is not so well under control 
as is the open-hearth process, but is much more rapid, and 
owing to the fuel requirements of the open-hearth process 
the Bessemer process is cheaper. However, to make pig 
iron suitable for the acid Bessemer process, a special grade 
of ore, low in phosphorus, is necessary and the known sup- 
plies of this ore in America are becoming exhausted. The 
general opinion of metal users rates acid open-hearth steel 
as the best steel produced for general structural purposes 
(special steels of very high price may, of course, be of higher 
quahty, but their use in general structural work is very 
Umited), basic open-hearth steel is usually ranked second to 
acid open-hearth steel, and Bessemer steel is ranked third. 
Bessemer steel seems to be inferior to open-hearth steel in 
reliability and uniformity. There is, however, no certain 
way to distinguish whether a given lot of steel was made 
by the open-hearth or by the Bessemer process unless its 
history is known. 

The Bessemer process is used extensively in producing 
the lower grades of structural steel and in producing rail- 
road rails. The production at frequent intervals of a few 
tons of steel, which is characteristic of the Bessemer process, 
feeds to the rail-forming rolls a steadier supply of steel than 
is furnished by the production twice a day of a large 
quantity of steel, the latter manner of production being 
characteristic of the open-hearth process.^ Owing to the 
increasing scarcity of ores of iron low in phosphorus the 
Bessemer process is diminishing even in the rail-producing 
steel plants, while the basic open-hearth process is gaining 
ground. 

Duplex Processes of Steel -making. — Combinations of 
the Bessemer process and the open-hearth process are in 
use at some steel plants, whereby the process is started in 
a Bessemer converter, and the final purification, including 
the removal of phosphorus, is carried out in a basic open- 

^ By the use of a battery of open-hearth furnaces, the tapping of differ- 
ent fuhiaees can be timed to supply steel at frequent intervals. 
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hearth furnace. This duplex process has become one of 
great importance in the leading American steel plants. 

In another process which gives good promise of success, 
partial refinement of pig iron is accompUshed in a Bessemer 
converter or an open-hearth furnace and final refinement 
takes place in an electrically heated refining furnace. The 
advantages and limitations of the electrically heated steel 
furnace are discussed briefly in Chap. VIII. 

Selected References for Fttrther Study 

Stoughton; "The Metallurgy of Iron and Steel," New York, 1911, Chaps. 
Ill and V. An excellent general treatise by an American metallurgist. 

Campbell: "The Manufacture and Properties of Iron and Steel," New 
York, 1907, Chaps. VI, VII. An excellent general treatise, some- 
what technical, by an American metallurgist. 

Habbord and Hall: "The Metallurgy of Steel," London, 1916, Vol. 1, 
Chaps. I-V, inclusive. A comprehensive treatise by two British 
metallurgists. 

Macfablane: "The Principles and Practice of Iron and Steel Manufac- 
ture," London, 1906, Chaps. VII-IX, inclusive. A concise text by a 
British metallurgist. 



CHAPTER VIII 

CEMENTATION STEEL, CRUCIBLE STEEL, AND 
ELECTRIC-FURNACE STEEL 

The Cementation Process. — The oldest process of steel- 
making is called the cementation process. This process, 
still in use in England for making fine grades of cutlery 
steel, uses as raw material small bars of wrought iron (see 
Chap. V). These are packed in cast-iron boxes and each 
bar is slu'rounded with powdered charcoal. The boxes, 
sealed tight, are then heated in a tall conical furnace up 
to a temperature of 1,200°F., and this heat is continued 
for several days. At this temperature carbon is readily 
soluble in iron and for every 24 hr. of heating the wrought 
iron is carbonized to a depth of about }4 i^^- This car- 
burizing period may extend over a week or more, and is 
followed by a slow cooling period. The bars, when re- 
moved from the cast-iron boxes, are covered with gas 
blisters, and the steel is called blister steel. These bars of 
blister steel are worked or drawn under a hammer, piled 
together, heated to a welding heat and redrawn under a 
hammer, Producing shear steel. 

Cementation Steel, Case -carbonized Steel. — Cementa- 
tion steel is very expensive, but of a very high quality. 
The cementation process has never been used to any great 
extent in the United States for making steel, but a similar 
process, the case-carbonizing or case-hardening process, 
is in common use for giving wrought iron or soft steel a 
hard ''skin" of high-carbon steel. In this process small 
articles of wrought iron or soft steel are packed in some 
carbonizing agent, such as charcoal, leather scraps, bone 
dust, or potassium ferrocyanide, or are exposed to a hy- 
drocarbon gas and heated for a short period of time. The 
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case-carbonizing process is the same in principle as the 
cementation process. 

The Crucible Process. — A process which is in wide use 
for producing high-grade steel is the ci^cible process. Like 
the cementation process, it depends on the solubility of 
carbon in hot iron, but in the crucible process the iron is 
actually melted, and the carbonization takes place much 
more rapidly than in making cementation steel. 




Pio. 21. — Diagram of crucible- Bteel [uroace. 

In the crucible proems, the charge consists of powdered 
charcoal and bars of wrought iron and other ingredients 
containii^ elements desired in the finished steel, such as 
manganese, tungsten, etc. The charge is placed in clay 
or graphite crucibles. The crucibles are covered to keep 
out air and placed in a furnace {Fig. 21). The temperature 
is so high that the wrought iron is actually melted, and in 
4 or 5 hr. it has combined with the carbon and with other 
elements present in the substance placed in the crucible. 
The crucible is allowed to stand quietly in the furnace for 
half an hour after the carbonization is complete; this allows 
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any gas bubbles in the molten mass to escape, and after this 
quiet half hour, or "kilUng" as it is called, the crucible is 
lifted out of the furnace, and the steel poured into ingot 
molds. The ingots formed in the molds are afterward 
rolled or hammered into rods and bars for commercial 
purposes. Fig. 21 gives a diagram of a gas-fired crucible 
furnace. Fig. 22 gives a view in a crucible-steel plant. 



m 




B S 


^ 


i,» 






■ t 


i 


»«t-: 


■'-^E^.^ i 


$■ 



In the United States crucible furnaces are usually re- 
generative gas-fired furnaces using gas as fuel; in England 
coke-fired furnaces are in use. Each crucible contains 
about 75 lb. of metal and is handled by one man. The 
labor of handling the hot crucible is severe. Only the best 
quality of wrought iron should be used (sometime high- 
grade steel scrap is put into the crucible). The heat re- 
quired to melt the wrought iron is very great. All of these 
causes combine to make the cost of crucible steel five to 
twenty times that of open-hearth steel or of Bessemer steel, 
and limits its use to small parts, such as tools, small shafts 
and axles, etc., which must be very hard or very strong. 
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Crucible steel is, however, less expensive than cementation 
steel. 

The superiority of cementation steel and of crucible steel 
over Bessemer steel and open-hearth steel is due in large 
measure to the fact that crucible steel and cementation 
steel during their process of making are heated in closed 
vessels out of contact with air. If, in the open-hearth 
process or in the Bessemer process, it is attempted to carry 
the removal of impurities so far as to give steel of the qual- 
ity of crucible steel, the iron itself becomes oxidized from 
the air present. To produce the highest grades of steel 
the heating must be done out of contact with air. 

The Electric Furnace for Refining Steel. — If the heat 
necessary to refine steel is produced by an electric current) 
the heat can be produced in direct contact with the charge 
of a steel furnace, but without the presence of air. Direct 
contact with the charge of a furnace means a more econom- 
ical utilization of heat than is possible where the heat must 
be supplied through the walls of a crucible, and freedom 
from contact with air makes possible the highest refinement 
of steel without danger of oxidation. For producing low 
temperatures, electrically produced heat is very expensive 
as compared with heat produced by burning gas or coke; 
however, for high temperatures the relative cost of elec- 
trically produced heat is less. With fuel-produced heat 
more air must be used to produce high temperatures, and 
this air must be heated as well as the charge of the furnace. 
With fuel-produced heat the higher the temperature the 
greater the waste of heat in heating the air required to 
produce combustion and the higher the relative cost of the 
heat. With electrically produced heat the cost is nearly 
proportional to the temperature. For some limiting tem- 
perature, then, the cost of electrically produced heat will 
be equal to that of fuel-produced heat, while for still higher 
temperatures the cost of electrically produced heat will be 
actually less than that of fuel-produced heat. The tem- 
peratxu*es used in refining steel approach this limiting tem- 
perature under' the conditions prevalent at most steel 
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plants, and it becomes feasible to use the electric furnace 
for the final refining processes of steel-making. 

The non-oxidizing nature of electrically produced heat 
and the relatively diminished cost of electrically produced 
heat for high temperatures are utilized in a composite 
process of steel-making which gives great promise of useful- 
ness. In this composite process, steel is partially refined 
by the Bessemer process or by the open-hearth process, 
and the final refinement takes place in an electric furnace. 




T^ 



FtQ. 23. — Diagram o! arc-type electric steel furnace. 



Types of Electric Steel Furnaces. — Electric furnaces for 
refining of steel are, in general, of two types: the arc fur- 
nace, and the induction furnace. In the arc furnace the 
heat is produced by means of an electric arc between carbon 
electrodes or between a carbon electrode and the furnace 
charge. Fig. 23 shows a diagram and Fig. 24 a general 
view of a typical arc-type electric furnace. The electrodes 
project through the roof of the furnace. The charge rests 
on the hearth and is purified by the action of a slag formed 
on top of it which contains decarbonizing, dephosphorizing, 
and desulphurizing ingredients. 
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Fig. 25 shows in diagram an induction type of electric 
furnace. The charge cc when melted forms the short- 
circuited secondary winding of a transformer of which the 
primary winding is shown at a. To start such a fiu-nace 
it is necessary that a ring of metal be placed in the grooves 
c or that the charge be supplied molten. In general, in- 
duction furnaces are used to produce small quantities of 




The electric process of steel-refining is very recent, but 
is claimed to produce steel of as high grade as the crucible 
process. Rail steel refined by the electric process Is in use 
to a limited extent and seems to be of excellent quality. 
The electric refining procMS is of special promise for pro- 
ducing steel free from phosphorus and sulphur. 
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Electric Reducing of Iron Ore. — In certain localities, 
notably in Sweden and Norway, where abundant water 
power makes electricity inexpensive, iron* ore is reduced 
directly in electrically heated furnaces. This produces a 
very pure grade of iron, but except in locations where elec- 
tric power can be produced very cheaply the direct reduc- 
tion of ore in electrically heated furnaces is far too expensive 
to be practicable. 
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Fig. 25. — Diagram showing principle of induction electric furnace for 

refining steel. 
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CHAPTER IX 
IRON AND STEEL CASTINGS 



Cast Iron; the Cupola. — When pig iron is to be used for 
the direct production of parts of structures or machines, it 
is remelted and cast into molds. This remelting is neces- 
sary because the product of any one blast furnace is usually 
quite variable in quality, and 
because a mixture of different 
varieties of pig iron usually pro- 
duces a better grade of castings 
than does any one grade of pig 
iron; also because by diflEerent 
mixtures different qualities of 
castings can be produced for 
' special purposes. Pig iron re- 
melted and cast into molds is 
called cast iron. The remelting 
is usually done in a cupola which 
is somewhat like a small blast 
furnace. Fig. 26 shows a dia- 
gram of a cupola. A blast of 
air under Ught pressure is blown 
through tuyeres at the bottom 
of the stack, which is charged 
Fig I — Di gr . f f uodry fpom the top with alternate 
c II o q f r oaat iron layers of coke (fuel) and pig 

iron mixed with scrap. The pig and the scrap melt and 
trickle down through the fuel to the bottom of the cupola, 
and a slag forms which floats on top of the melted iron. 
As in a blast furnace the slag is drawn off through a slag 
hole and the iron through a tap hole. The principal differ- 
ences between the action of a blast furnace and that of a 
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cupola are that in the cupola there is no marked chemical 
change in the raw material as the process progresses, and 
that the proportion of fuel to iron in a cupola is only about 
20 per cent. 

Castings of cast iron are made in molds of loam or of 
sand. Ordinary cast iron contains from 2.5 to 6 per cent, 
of carbon, which may be present as combined carbon, 
graphite flakes, or finely divided graphite. 

Air-fiimace Iron. — A limited amount of cast iron of 
superior quahty is produced by remelting in the air furnace 
rather than in the cupola. An air furnace is not dissimilar 
in general appearance to a puddling furnace. The iron is 
melted on a hearth, while the fuel, usually soft coal, is 
burned on a grate. Iron melted in an air furnace is usually 
superior to cupola iron because it is less contaminated by 
the impurities (especially sulphur) in the fuel. The melt- 
ing is under better control in an air furnace than in a cupola, 
and in an air furnace some purification of the pig iron usu- 
ally takes place. The intimate mixture of the charge and 
the fuel in the cupola, while it tends to contamination of 
the charge, does, however, cause high economy of fuel. 
Therefore, air-furnace iron is more expensive than is cupola 
iron. 

Open-hearth Furnaces for Cast Iron. — Open-hearth fur- 
naces such as are used in steel-making are used to a limited 
extent for producing cast iron. The advantages of theu- 
use are greater economy of fuel than the air furnace, and 
less contamination of charge by fuel than in the cupola. 
The open-hearth to be at all economical must be operated 
continuously day and night, and this can be done only in 
foundries with a very large floor space for setting up molds, 
as the preparation of molds can not be well done by artificial 
Ught. 

Semi-steel. — Semi-steel is the rather misleading name 
given to a product of the air furnace or of the cupola which 
is made by melting a mixture of 20 to 50 per cent, of steel 
scrap with pig u-on. The product is a cast iron of high 
strength and low carbon content; it is not steel. Semi-steel 
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is used to make iron castings in which strength is important. 
Punch and shear frames, parts of hydraulic presses and 
other machines subjected to severe stresses are frequently 
made of semi-steel. 




6. Gray east iron. c. Malieable oaat in 

Phetoniicroaroph 6v H, T. Manatl. Photomicrograpli bu F. E. H 

MaEiiificBtion 4fi timee. Macnification 100 timi 

Fio. 27. — Cryatalline Btructiire of cast iron. 



Gray Cast Iron, White Cast Iron, Chilled Cast Iron.— If 
cast iron is allowed to cool slowly, a large part of thecarbon in 
the cast iron will be found in the form of crystals of graphite 
(see Fig. 276), Such cast iron is known as gray cast iron. 
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The crystals of graphite make gray cast iron very brittle 
as compared with steel or wrought iron. Gray cast iron 
is soft and easily machined. Its tensile strength is about 
one-third that of soft steel, and its compressive strength 
fully equal to that of soft or medium steel. Ordinary cast 
iron for machine frames, stoves, etc., is gray cast iron. 

If cast iron is very rapidly cooled in the mold, the carbon 
will not have time to be precipitated as graphite, but will 
remain chemically combined with the iron, giving what is 
known as white cast u-on (see Fig. 27a). White cast iron 
is stronger than gray, but is much harder, so hard that it 
can not be machined, and is extremely brittle. 

If a part of a casting is suddenly cooled while other parts 
are allowed to cool slowly, the resulting casting will be 
white cast iron where sudden cooling occurs, and gray cast 
iron where slow cooling occurs. Local sudden cooling 
(chill) can be produced by lining a part of the mold with 
metal, which rapidly conducts the heat away from that part 
of the casting. The rims of cast-iron car wheels are chilled 
to resist wear while the center is of gray iron, which can be 
bored for the axle, and which resists shock better than does 
the very brittle chilled iron. 

Malleable Cast Iron. — Malleable cast iron is produced 
from white cast iron by an annealing process. The white 
cast iron is cast directly into the desired shapes, and the 
annealing process does not materially change these shapes. 
The castings of white iron are packed in pulverized iron 
oxide (sometimes lime or even sand is used) and are heated 
to a temperature of about 1,300°F. for several days. This 
annealing process ( a reverse of the cementation process for 
making steel) changes the combined carbon of the white 
cast iron to graphite, which, however, occurs in finely 
divided particles called temper carbon rather than in flakes 
(see Fig. 27c). Malleable cast iron has about twice the 
tensile strength of gray cast iron, and has very much higher 
ductility than gray cast iron ; the ductihty of malleable cast 
iron is about a quarter of the ductility of structural steel. 
Malleable cast iron is used for small castings for which 



72 



MATERIALS OF ENGINEERING 



forged steel is too expensive, and in which the material 
should have considerable ductility; for example, hubs of 
wagon wheels, small fittings for railway rolling stock, parts 
for agricultural machinery, pipe fittings, door hinges, etc. 

Steel Castings. — ^In recent years there has been a great 
development in the production of steel parts for machines 
and structures by direct casting. This has been especially 
noticeable in the production of railway equipment, such as 
locomotive frames, car couplera, draft rigging, etc. Steel 




castings may be made either of open-hearth steel or of 
Bessemer sted; but open-hearth steel castings are much 
more common. The molten steel from the furnace or 
converter is poured directly into molds. Steel castings 
may be made of almost any desired carbon content. There 
are a large number of complex foundry problems involved 
in producing steel castings. To insure soundn^s of steel 
in castings and freedom from cavities formed during cooling 
it is usually necessary to pour the castings with large masses 
of steel, called sink heads, so placed in the mold that molten 
steel may flow from them to any part of the casting where 
there is a tendency toward the formation of cavities due 
to quick cooling (see Fig. 28). 
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The material of steel castings is not so strong nor so 
tough as is forged steel of the same chemical composition. 
As they come from molds, steel castings usually have severe 
internal stresses set up in them by unequal cooUng. These 
internal stresses may be greatly reUeved, and the quaUty 
of the material in various parts of the casting made more 
nearly uniform, by annealing the finished casting, and this 
is very frequently done. 

For many purposes today steel castings are becoming 
available in place of steel forgings on account of the greater 
ease of makng castings of complicated shape, and steel 
castings are also displacing iron castings for many machine 
parts in which strength and toughness are prime requisites. 
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CHAPTER X 



THE MECHANICAL TREATMENT OF STEEL; 
ROLLING, FORGING AND PRESSING 

Uses of Rolled Steel. — Among the materials used by 
engineers for structures, and machines, rolled steel occupies 
a place of importance second to none. Bolts, nuts, rivets, 
screws, nails, structural shapes (such as I-beams, channels, 
and angles), steel plates for metal stacks, tanks, and boiler 
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Fig. 29. — Five-ton ingpt mold. 



shells, shafts and axles, railway rails, wire, chain, thin sheet 
metal for roofing, siding and tubing, gas and water pipe— 
these are some common articles made from rolled steel. 

Steel Ingots. — When steel which comes from the fur- 
nace or the converter is to be rolled or f oged, it is poured 
into large ingot molds mounted on cars. Each mold con- 
tains from 3 to 10 tons of steel (see Fig. 29). These ingot 
molds after filling are transferred on ingot cars to a yard 
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under a crane which strips the ingot molds from the steel 
after solidification has taken place. The ingot, solid but 
still hot is then transferred to a "soaking'' furnace where 
it is kept at red heat until it can be carried to the rolls or 
to the steam hammer for final shaping. 

Defects in Steel Ingots. — As the steel solidifies in the 
ingot mold there are three actions which tend to make the 
ingot vary in quality in various parts : 
(1) the steel in contact with the sur- 
face of the mold solidifies first, and, 
contracting, tends to draw the re- 
maining steel away from the center 
of the mold, the result being a cavity 
or ''pipe'' in the upper part of the 
ingot (see Fig. 30) ; (2) the carbon, 
the sulphur, and the phosphorus in- 
stead of remaining uniformly dis- 
tributed throughout the ingot tend 
to gather together or ''segregate" in 
spots, especially in the upper part 
of the ingot; (3) gases escaping as the 
steel is on the point of solidification 
may leave minute blow-holes ' ' honey- 
combing" the upper part of the 
ingot. (See h Fig. 30.) 

Effects of "Pipes" and Their Prevention.— If that part 
of the ingot in which there is a pipe is passed through rolls 
or under a forging hammer at a temperature as high as the 
welding temperature of steel, the walls of the cavity will be 
welded together ; however, this welding action is not at all 
sure under usual rolling or forging conditions, and a pipe 
in the ingot, if rolled into rails, plates, or shapes is liable 
to produce a longitudinal seam in the finished product. 
This is especially dangerous in raUs. 

As piping occurs in the upper portion of the ingot, its 
evil efifect may be prevented by cutting off or "cropping" 
the top of the ingot. This cropped portion is then used as 
scrap for the open-hearth furnace. It is usually necessary 




Fig. 30. — ^Longitudinal sec- 
tion of steel ingot. 
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to crop from 20 to 30 per cent, of the ingot in order to insure 
freedom from piping in the finished steel. The reheating 
of the cropped portion of the ingot is expensive, and many 
attempts have been made to prevent the formation of 
pipes, or to lessen their extent and consequently to lessen 
the amount of cropping of ingot required. One method of 
minimizing piping which is in successful use especially in 
British steel works consists in compressing the ingot in a 
powerful hydraulic press while the interior is still in a 
pasty state. Another method recently proposed consists 
in heating the top of the ingot in the ingot mold so that its 
solidification shall be retarded, and the solidification of the 
whole ingot made more nearly uniform. Slow pouring of the 
steel into the ingot mold lessens piping by allowing the metal 
of the mold to become heated gradually, and the temperature 
changes in the ingot to take place more gradually. 

Effects of Segregation and its Prevention. — The evil 
effects of segregation are due to the variation of quality in 
steel which it causes in various parts of the finished piece. 
The segregation of carbon causes some parts of the rolled 
product to be too hard, and some to be too weak. If, for 
example, the carbon of a steel rail is segregated so that 
there is higher carbon content in the base than in the head, 
there results a rail with a head so soft that it soon wears 
out, and with a base so hard that it is unduly brittle. The 
segregation of phosphorus may cause cold shortness in 
spots, that is, there will be very brittle spots in a piece of 
steel in which, as a whole, the phosphorus is not danger- 
ously high. The segregation of sulphur may cause trouble 
in rolling the steel on account of red shortness, that is, 
brittleness when hot. Segregation is minimized by quick 
cooUng of the ingot. The contradictory requirements of 
slow cooling to minimize piping, and quick cooling to mini- 
mize segregation render the handhng of any lot of steel a 
matter of careful study in order that the best quality may 
be secured. 

Effects of Honeycombing and Its Prevention. — The min- 
ute blow-holes in ''honeycombed'' steel render its strength 
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uncertain, especially under repeated stress, which causes 
cracks to spread from the minute blow-holes. The steel 
seems '' rotten." Honeycombing is minimized by allowing 
the steel to remain quietly in the ladle before pouring into 
the ingot mold until the entrained gases have had an op- 
portunity to escape. This process is known as ^'kilUng'' 
the steel, and steel from which gases are freely bubbling is 
known as ''wild" steel. A small quantity of aluminum 
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Fig. 31. — Different cross-sections during the process of rolling a steel rail. 

thrown into the ladle hastens the ''kilUng" process. The 
use of titanium is said to produce the same result. 

The Roliihg Mill. — In cooUng, the temperature of the 
surface of the ingot is lowered below that required for suc- 
cessful roUing, and the ingot is reheated in a ''soaking pit," 
usually fired by waste gas from a blast furnace or an open- 
hearth furnace. From the soaking pit the ingot is passed 
through a series of ten or a dozen rolls which reduce its 
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Fig. 32. — Common rolled sections. 



cross-section and increase its length until the desired shape 
is reached. Fig. 31 shows the shapes given the steel by 
successive rolls as an ingot is rolled into a railroad rail. 
For producing plates, rods, rails, structural shapes, etc., 
the steel ingots are passed through rolls which gradually 
reduce the cross-section of the ingot to that of the desired 
product. Fig. 32 shows some common rolled sections. 

The rolls to which the ingot is first sent are known as 
"cogging" rolls, or as a "blooming mill." The rolls are 
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usually two in number for puch a mill, which is known as 
a ^'two-high" mill, and after the ingot is passed through 
the rolls they are brought closer together, the direction of 
rotation reversed, and the ingot passed back through them. 
Later as the section of the metal approaches its final form 
"three-high" rolls are used. Fig. 33 shows a two-high, 
and Fig. 34 shows a three-high rolUng mill. It will be evi- 
dent that it is not necessary to reverse the three-high mill 
in order to send the ingot back through it. Figs. 336 and 
^.^ ♦ 34 also show the rollers and the 

( Oj\ table which feed the steel to the 

-^^-^^ ^ rolls ; in a three-high mill this table 

can be raised and lowered so that 
the steel may be fed either between 

Fig. ssT— Two-high rolls, the Upper and the middle or be- 
tween the middle and the lower 
rolls. The actual mechanism for raising and lowering the 
table involves a somewhat compUcated lever system. Fig. 
35 shows the principle of a " universal'' rolling mill. The 
distinguishing feature of this mill is the use of a pair of 
vertical rolls to finish the edge as well as the surface of the 
steel passed through it. 

Cold-rolled and Cold-drawn Steel. — Rolling steel im- 
proves its quaUty. Small cavities are closed up, and all 
the particles are packed closely together. Ordinary steel 
is rolled at a red heat, and the strength and the ductiUty 
of the steel are raised by roUing. If steel is brought to its 
final size by rolling at temperatures below red heat, it is 
known as cold-rolled steel. The cold-rolUng of steel in- 
creases its strength above that of hot-rolled steel, but 
diminishes its ductility. The same effect may be produced 
in rods and wire by drawing the steel through hardened 
steel dies. Cold-drawn and cold-rolled steel are used ex- 
tensively for shafting. The process leaves the steel with a 
very smooth surface, and the cold-drawn or cold-rolled 
steel may be produced so true to shape and size that it is 
not necessary to machine it before using it as shafting. 
One drawback to the use of cold-rolled shafting is its liabil- 
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ity to "kink" if keyways or holes are cut in the steel. The 
cold-roUing process sets up very high stresses in the metal, 
and in cutting a keyway or hole some of this internal stress 
is reheved, and to preserve internal equilibriimi of stress a 




Fio 34 — Dunfam abowing pnncipla of thiee-hieh rolling milL 

redistribution of the remaimng internal stress takes place, 
with a consequent distortion of the shaft 

Cold-drawing steel through hardened steel dies produces 
the same effect as does cold-rolhng Cold-roUing or cold- 
drawing distorts the crystalline structure of steel, drawing 
out the crystals in the direction of 
rolling The effects of rolling may 
be lai^ely removed by annealing 
at proper temperatures. Fig. 36 
gives photomicrographs showing 
the effect of cold-working on the 
crystalline structure of steeL 
Cold-drawn or cold-rolled shafts 
°^" and rods may be obtained up to 

3 in. in diameter. Nearly all steel wire is cold-drawn. 

Forging and Pressing Processes. — Large steel objects 
such as heavy shafts, cannon, thick plate, etc., are shaped 
by forging hot under a hydrauUc press or a steam hammer. 
In general, pressing and hammering both improve the qual- 
ity of the steel, and pressing affects the steel to a greater 
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depth than does hammering. Hammering, because it acts 
by means of a large number of blows applied to all parts of 
the surface of the object, gives greater uniformity through- 
out all parts of thin forgings than does pressing. Small 
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FiQ. 30. — Effect of cold-drawing and annealing 
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objects made of high-grade crucible steel, such as high- 
carbon steel rods, stock for cutlery, tools, etc., are usually 
hammered to shape. If a large number of objects of the 
same size is to be produced, and if a better quahty of mate- 



82 



MATERIALS OF ENGINEERING 



rial is desired than is obtainable in steel castings, these 
articles are frequently shaped by hammering steel hot be- 
tween hardened steel dies. This process is called drop- 
forging. 

Steel plate is pressed into shape for tanks, boxes, hollow 
cyUnders, boiler heads, etc., in "flanging" presses. In 
these presses the steel is shaped by means of steel dies. 




FiQ. 37. — Diagrnra ot pipe-welding rolla 



Seamless steel tubing is formed by rolling hot steel over a 
long mandrel. Ordinary steel and iron pipe is made from 
plates, known as "skelp" which are rolled into tube shape, 
after which the "skelp" is heated to welding temperature 
and passed through rolls and over a mandrel as shown in 
Fig. 37. 
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CHAPTER XI 

THE CRYSTALLINE STRUCTURE OF IRON 

AND STEEL AND ITS SIGNIFICANCE; 

THE HEAT-TREATMENT 

OF STEEL 

The Importance of the Crystalline Structure of Metals. 

— The strength and toughness of metals depend not only 
on their chemical composition, but also on the shape and 
size of the crystals which make up the substance of the 
metal. These crystals in strong, tough iron and steel are 
so small that they can be detected only under a powerful 
microscope. In recent years the microscope has come to 
be recognized as an instrument of great usefulness in the 
study of the structure of metals. The eflfect of various 
kinds of heat-treatment on the crystaUine structure of iron 
and steel, and the relation between crystalUne structure 
and strength and toughness can be studied only with the 
aiii of the microscope. Since the use of the microscope 
has become general in testing laboratories, great improve- 
ments have been made in the strength and toughness of 
iron and steel by means of suitable heat-treatment : for 
example, the crystalUne ''grain'' of steel castings has been 
made finer, and the quaUty of steel in castings has been 
greatly improved by the development of annealing proc- 
esses; the elastic strength of springs and automobile parts 
has been greatly raised by proper tempering; the wearing 
properties of the teeth of steel gears have been improved 
by heat-treatment; a study of the eflfect of heat-treatment 
on the crystalline structure and properties of inexpensive 
grades of steel has made it possible to use them in place of 
more expensive grades. 
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CrystaUization of Pure &on. — Iron like all solid metals 
has a crystalline structiire. This is shown by Fig. 38 which 
is from a photomicrograph of very nearly pure iron which 
has been produced by electrolysis.^ The metal is seen to 
be made up of imperfectly formed crystals, or rather crys- 
talline grains. Only one kind of crystals can be seen. The 
structure is homogeneous. Nearly all pure metals show a 
structure similar to that shown in Fig. 38. 




The commercial grades of iron and steel are not pure 
metal, but contain various ingredients besides iron, notably 
carbon. Commercial iron and steel are produced from a 
molten state, and to get some idea of the genesis of their 
structure, it will be convenient to consider briefly the behav- 
ior of liquid mixtiu-es as they cool and solidify. 

Solutions, Solid Solutions. — When a substance is dis- 
solved in a hquid (without chemical combination taking 

' Photomicrographa are obtained by polishing the surface of a small spec- 
imen of the metal to be examined, then etching the polished surface with 
acid to bring out the crystalline structure, and finally photographing a per- 
tion of the etched surface through a microscope. The process involves a high 
degree of skill m manipulation if good results are obtained. 
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place) the resulting solution differs from a chemical com- 
pound in that the proportions of ingredients are not fixed, 
and it differs from a mechanical mixture in the intimacy of 
the imion of the solvent and the substance dissolved. For 
example, in*a salt solution the intimacy of union between 
salt and water is much greater than in a mixture of sugar 
and salt. If a liquid solution is cooled until soUdification 
takes place, the ingredients may act in one of three ways: 

1. They may remain so intimately mixed that even after 
soUdifying, the substance shows a uniform structure 
throughout, even when examined under a microscope. The 
resulting soUd is called a solid solution, and like a liquid 
solution it differs from a chemical compound in the indefi- 
niteness of proportions of its ingredients, and from a 
mechanical mixture in the intimacy of mixture of the 
ingredients. 

2. *rhe ingredients of the substance separate as the solu- 
tion soUdifies and the resulting solid is a mechanical mix- 
ture of the ingredients, a very intimate mixture it may be, 
requiring the use of the microscope to detect the two ingre- 
dients. In this second case the ingredients form a Uquid 
solution, but not a soUd solution. 

3. The ingredients may form a chemical compound. 
This case is not of much importance for iron and steel. 

Illustrations of the Action of Solutions, Eutectics. — Two 
illustrations of the action of metal solutions, as stated 
above, will be given. First, a solution of silver in gold will 
be considered. Silver will dissolve in molten gold in any 
proportion, forming a liquid solution, and if the molten 
mass is cooled a soUd solution is formed. The structure of 
the soUd, if examined under a microscope, shows only one 
kind of crystal, appearing something Uke the crystalline 
structiu'e of pure iron. Fig. 38. No separation of gold 
from silver can be detected. 

Second, a solution of tin in molten lead will be considered. 
Tin will dissolve in molten lead forming a Uquid solution. 
If this solution is cooled to soUdification, separation of the 
constituent metals occurs, and an examination under the 
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microscope shows a conglomerate composed of fine crystal- 
line grains of lead and of tin. If there is more than 69 per 
cent, of tin in the liquid, the excess of tin above this con- 
tent separates out as a solid before the whole mass solidifies ; 
if there is more than 31 per cent, of lead in the*liquid, the 
excess of lead above this content separates out as a solid 
before the whole mass solidifies. Whatever the proportions 
of tin and lead in the liquid solution, just before soUdifica- 
tion of the entire mass is complete the part remaining Uquid 
has the composition, tin 69 per cent., lead 31 per cent., and 
the final solidification of this particular mixture takes place 
so rapidly that there is no time for the formation of large 
crystalline grains, and as a consequence the crystaUine 
grains of lead and tin in this 69-31 mixture are small and 
very intimately mixed. This particular mixture which 
remains melted longest and which solidifies in an intimate 
mechanical mixture of fine grains is called the eutectic of tin 
and lead. A soUd tin-lead alloy contains comparatively 
large crystalhne grains of either tin or lead mixed with tin- 
lead eutectic. 

A eutectic is Hke a chemical compound in that its in- 
gredients exist in definite proportions, but under the micro- 
scope its structure is seen to be a mechanical mixture of 
fine crystaUine grains of the ingredients. 

The Cooling of Iron-carbon Alloys. — All commercial 
grades of iron and steel are alloys of iron and carbon. Iron- 
carbon alloys in cooHng to soUdification combine both the 
actions described in the previous paragraphs. A solid 
solution of carbon in iron is formed^ and this solid solution 
acts as one ingredient, while carbon, if present in excess of 
about 2 per cent., acts as a second ingredient, and these 
two ingredients solidify in a manner similar to that de- 
scribed for lead-tin alloys forming a eutectic. Carbon 
will form a sohd solution in iron only up to about 2 per cent, 
carbon content ; if the iron-carbon alloy has less than 2 per 
cent, of carbon, all the carbon is taken up in the iron-car- 

^Some authorities claim that the solid solution consists of iron carbide 
(Fe*C) dissolved in iron. / 
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bon solid solution; if the iron-carbon alloy has more than 
2 per cent, carbon the excess of carbon will separate out, 
normally in the form of graphite. Iron-carbon alloys con- 
taining less than 2 per cent, of carbon are usually classed 
as steelj and iron-carbon alloys containing more than 2 per 
cent, of carbon are usually classed as cast iron.^ 

The Solidification of Cast Iron. — The eutectic for an 
iron-carbon alloy containing more than 2 per cent, of car- 
bon has for its ingredients 4.3 per cent, of carbon, normally 
in the form of graphite, and 95.7 per cent, of a solid 
solution of carbon in iron. If the alloy as a whole contains 
more than 2 per cent, of carbon and less than 4.3 per cent., 
the excess of ''iron-carbon solid solution" solidifies first, 
until the carbon content of the remaining liquid reaches 
4.3 p^r cent., when the eutectic solidifies. The resulting 
solid consists of crystalline grains of a solid solution of iron 
in carbon mixed with crystalline grains of the iron-carbon 
eutectic. If the alloy contains more than 4.3 per cent, of 
carbon, the excess ingredient is carbon, which solidifies 
from the Uquid in the form of graphite. The resulting solid 
consists normally of flakes of graphite and crystalline grains 
of the iron-carbon eutectic. In the above it has been 
stated that normally carbon separates from the solution in 
the form of graphite. This is true if the cooling takes place 
slowly. If the cooling takes place rapidly there is not time 
enough for the graphite flakes to form, and the carbon is 
present in the form of ''combined carbon'' (iron carbide, 
FeaC), which makes the resulting solid hard and brittle. 
White cast iron has its carbon in the form of combined 
carbon rather than in the form of graphite (see Fig. 27, 
page 70). 

The Cooling of Steel to Solidification and after Solidifi- 
cation. — As steel is an . iron-carbon alloy containing less 
than 2 per cent, of carbon it solidifies as a solid solution 
of carbon in iron. The remarkable thing about steel is 
that the changes in its crystalUne structure do not cease 

^ The line of demarcation between steel and cast iron is given different 
values by different authorities, ranging from 1.7 to 2.2 per cent. 
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when solidification occurs, but continue to take place as 
the solid steel cools until the temperature is about 690°C. 
(1,274°F.) far below the temperature of solidification of 
molten steel. 

At the temperature of solidification steel is a solid solu- 
tion of carbon in iron, but as cooling goes on this solid 
solution normally breaks up into two ingredients, carbide 
of iron called cementiU, and pure iron called ferrite. If 
the carbon content of the steel is greater than 0.90 per cent., 
cementite will separate out before the steel takes its final 




crystalline form; if the carbon content is less than 0.90 
per cent., ferrite will separate out. In either case the last 
part of the steel to reach its final crystalline form has a 
carbon content of 0.90 per cent. This is called the eutec- 
toid of steel. The properties of the eutectoid are Uke those 
of a eutectic, but the eutectoid is formed from a solid 
not from a liquid. The eutectoid of steel is called pearlite, 
and consists of very fine intimately mixed grains of ferrite 
and cementite. 

Steel with a carbon content of less than 0.90 per cent., 
commonly called hypoeutectoid steel, is normally made up 
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of crystalline grains of ferrite and crystalline grains of 
pearlite. Fig. 39 is from a photomicrograph of such steel; 
the light portions are ferrite, and the dark portions are 
pearhte. Under a magnification of 1,000 times the struc- 
ture of pearlite would be seen to be made up of an intimate 
mixture of very fine grains of ferrite and of cementite. 

Steel with a carbon content of more than 0.90 per cent., 
commonly called hypereutectoid steel, is normally made 
up of crystalline grains of cementite and crystaUine grains 
of pearlite. Fig. 40 is from a photomicrograph of such 




a. Quenched in water. b. Anneaied. 

Fio. 40. — Ccyst&lline structure of steel with 1.13 per oent. carbon. 
Flulamiaoaraplu bu B. T. Manttd. MaanifioatiaD 265 times. 

steel. The hght portions are cementite, and the dark 
portions are pearhte. 

In slowly cooled steel the principal ingredients are ferrite 
and pearlite, or cementite and pearhte. Under the micro- 
scope other ingredients can be detected by the trained 
observer. Among them are slag, which is always present 
in wrought iron (see Fig. 14, page 44) and is sometimes 
present in small quantities in steel; manganese sulphide, 
globules of which are sometimes mixed in the structure of 
the steel; and iron oxide, due to the direct oxidation of the 
iron during the removal of impurities. 

The Critical Temperature of Steel, the Recalescence 
Point. — As steel is heated or cooled the change in its tem™ 
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perature does not proceed regularly but shows sudden varir 
ations at certain stages. The most important stage is that 
at which the eutectoid (pearlite) forms, which occurs at a 
temperature of about 690°C. (1,274°F.). When this tem- 
perature is reached in cooling steel, there is a sudden giving 
oflf of heat, the cooling process is momentarily checked, and 
if the steel is in a dark room it suddenly is seen to glow more 
vigorously. This temperature is called a critical tempera- 
ture^ or the steel is said to be at the recalescence point The 
structure of the steel has not reached a stable condition 
until this point is reached, and normally is in a stable con- 
dition after the recalescence point is passed. 

The changes taking place at the recalescence point re- 
quire some time for their completion, and if the cooling is 
rapid the normal structure of the steel may not be devel- 
oped. In the case of low-carbon steels the principal in- 
gredient is ferrite and very little variation from the normal 
can be brought about by sudden cooling. In the case of 
steel with a carbon content greater than about 0.25 per 
cent., sudden cooling from above the recalescence point 
does not give time for complete formation of the eutectoid 
(pearUte) and some of the solid solution of carbon in iron 
seems suddenly frozen — or it may be that the iron itself 
exists in a different (allotropic) form. In any event the 
resulting steel is harder, stronger, more brittle, and has a 
lower magnetic permeability than does slowly cooled steel. 
If steel is to be made as hard as possible, it is cooled from 
above the recalescence point as rapidly as possible. Ordi- 
narily quenching in water gives sufficient hardness, but still 
greater hardness may be given steel by quenching in cold 
brine. On the other hand, quenching in oil or in molten 
lead gives slower cooling than quenching in water, and a 
softer, more ductile steel. 

The Tempering of Steel. — If steel with a carbon content 
greater than about 0.25 per cent, is suddenly cooled and 
then reheated, the formation of the normal structure, which 

^ There are several critical temperatures during the cooling or heating of 
steel. This is the most important. 
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had been arrested by the sudden cooling, is partially carried 
out. By varying the temperature of reheating, the steel 
may be given different degrees of strength, hardness, and 
ductiUty, depending on the completeness with which the ar- 
rested development of the eutectoid is carried out. Varia- 
tions in the rate of cooling steel give different properties 
to the steel. The technique of heat-treating steel to pro- 
duce a desired quaUty is very complex, and can not be 
treated in this book. It may be noted, however, that a 
study of the effect of heat-treatment on crystalline struc- 
ture and resulting strength, hardness, and ductility has in 
many cases made possible the use of a heat-treated inex- 
pensive grade of steel in place of an expensive grade. 

The effectiveness of certain ingredients m steel, notably 
manganese, in making it hard even when cooled in air is 
due mainly to their power to retard the formation of the 
eutectoid as steel cools, so that even if the cooling proceeds 
slowly in air the steel is still hard when it reaches atmos- 
pheric temperature. 

Grain Size of Iron and Steel. — If iron or steel is cooled 
very slowly and quietly past the recalescence point, there 
is given time for the formation of a coarse crystalline struc- 
ture, and owing to the large planes of cleavage between 
grains the steel tends to be brittle. If the steel is cooled 
rapidly or is hammered while being cooled the resulting 
structure will be fine-grained, and the material will be im- 
proved in ductility. If coarse-grained steel is heated 
slightly above the recalescence point the eutectoid struc- 
ture will be broken up and the carbon will go into solid 
solution in iron. If the metal is then cooled, the recales- 
cence point will soon be reached, before there has been time 
for the formation of large grains, and the resulting steel 
wiU be fine-grained. This process has been called the re- 
fining of steel by heat-treatment. Fig. 40 shows changes 
in grain size of steel caused by cooling in different ways. 
The change in grain size may be brought about in any 
grade of steel, though high-carbon steels are more sensitive 
to change of grain size by heat-treatment than are low-car- 
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bon steels. The change of grain size by proper heat-treat- 
ment is widely utilized by steel makers and steel users. 
Steel castings are, of necessity, slowly cooled in their molds 
from the temperature of melted steel to a temperature but 
little above atmosphere. The resulting grain structure is 
coarse, and the steel is brittle; great improvement in the 
quality of steel castings can be brought about by anneaUng. 
If two pieces of iron or steel are welded together, it is nec- 
essary first to heat the ends to be welded to a temperature 
almost that of fusion. This high heating causes coarse 
crystalline structure in the material near the weld. A 
welded joint can usually be made tougher by annealing 
after the weld is made. 

Steel heated to very high temperatures in the presence 
of air is sometimes actually '^ burned,'' and under the micro- 
scope is seen to contain iron oxide in appreciable quantity. 
Annealing will not restore the quaUty of such steel; it is 
ruined. 

The grain size of steel may be kept small by hammering 
or rolling the steel as cooling occurs. Quiet and slow cool- 
ing are necessary for the formation of large crystals, and as 
large crystals are undesirable in structural metals, hammer- 
ing or rolling the metal as it cools improves the quality. 
This improvement in quaUty is well illustrated by the in- 
creased toughness given to welded joints by hammering 
them as they cool, also by the superior toughness of rolled 
steel as compared with steel castings. 

Strength of Steel under High Temperatures. — It is a 
matter of general knowledge that iron and steel lose nearly 
all their stiffness and strength at red heat. A summary 
of experiments on the strength of various grades of steel 
shows thct the ultimate increases very slightly up to about 
500°F. (260°C.) above which the ultimate diminishes ap- 
proximately in proportion to the temperature. The mate- 
rial loses practically all its strength at about 1,600°F. 
(870°C.). The change of value of proportional limit under 
increase in temperature has not been so thoroughly studied, 
but such test data as are available indicate a regular diminu- 
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tion of proportional limit from atmospheric temperatures 
to a temperature of about 1,600°F., where the proportional 
limit becomes zero. 

Fig. 41, which is based on test data given by Howard of 
the U. S. Interstate Commerce Commission and by Ludwik 
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~' Fig, 41. — Effect of temperature on the strength of steel. 

of the Royal Technical High School of Vienna, shows graph- 
ically the reduction of ultimate strength which should be 
allowed for different temperatures. 
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CHAPTER XII 

THE EFFECT OF VARIOUS INGREDIENTS ON THE 
PROPERTIES OF IRON AND STEEL 

The Importance of Chemical Composition of Iron and 
Steel. — In Chaps. IX, X, and XI the effects of heat-treat- 
ment and mechanical treatment of iron and steel were dis- 
cussed. Of equal, if not of greater importance is the effect 
on the strength, hardness, ductiUty, and toughness of iron 
and steel produced by the presence of various ingredients. 
So many ingredients are present in the various grades of 
commercial iron and steel that anything like a systematic 
tabulation of their effects is impossible. This chapter will 
discuss in a general way the effects of the more common 
ingredients found in steel. 

Conunercial Pure Iron. — Swedish wrought iron and very 
low-carbon open-hearth steel are the commercial products 
which are nearest to pure iron. Experimentally, iron of 
still higher purity has been produced by electrolysis. Pure 
iron has a tensile strength of about 40,000 lb. per square 
inch, is very ductile, and as compared with the commercial 
grades of steel is very soft. 

Carbon. — Carbon up to about 1.25 per cent, increases 
the strength of iron, and the increase is approximately pro- 
portional to the carbon content. Carbon, in chemical 
combination with iron in the form of cementite increases 
the hardness and lowers the ductility. An alloy of iron 
and carbon containing less than about 2 per cent, of carbon 
is called steel (except the product of the puddUng process 
which is wrought iron) ; an alloy of iron and carbon contain- 
ing more than about 2 per cent, of carbon is called cast iron. 
The reason for this distinction is discussed in Chap. XI. 

94 
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The carbon contents of the common varieties of steel are: 

^ Per cent. 

Soft steel 0.05-0.16 

Structural steel 0. 15-0.25 

Medium steel for forgings 0.20-0.40 

Rail steel 0.35-0.55 

Spring steel 0.80-1. 10 

Carbon steel for cutting tools 0. 60-1 . 50 

In cast iron the carbon may be present either as com- 
bined carbon or as graphite. In general, slow cooUng of the 
h-on from a molten state causes a precipitation of the carbon 
as flakes of graphite and ''gray" iron is the product; quick 
cooling tends to cause the retention in combination of a 
high percentage of carbon, and the product is "white" iron. 
Up to about 1.25 per cent., combined carbon increases the 
strength of cast iron, while graphite lowers the strength but 
makes cast iron soft and readily machined. The flakes 
of graphite as they are precipitated from the molten iron 
take up space between the crystals of iron, causing a ten- 
dency for the iron to expand in the mold and diminishing 
the final shrinkage of the iron which takes place as the iron 
cools, and which for gray cast iron amounts to about 3^ in. 
per foot. 

Silicon. — Silicon has a very slight effect on rolled steel. 
Up to about 0.35 per cent, it seems to increase the strength 
of steel castings, probably by freeing them from minute 
blow-holes by uniting with escaping gases. Up to about 
0.5 per cent, silicon seems to have no effect on the brittle- 
ness of steel ; above that percentage it increases the brittle- 
ness. A silicon content of about 4 per cent, increases the 
magnetic permeability of steel and also its electrical resist- 
ance. This combination makes an excellent steel for the 
magnetic circuits of electrical machinery. Silicon always 
tends to give steel an acid reaction, and hence a low silicon 
content is always found in basic steel. 

Phosphorus. — Phosphorus is known as "the steel maker's 
bane." Small amounts increase the strength of steel, but 
increase its brittleness especially under cold weather tem- 
peratures (see Fig. 42) . Steel which is brittle when cold 
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is called ''cold short/' Phosphorus is especially dangerous 
in railroad rails which are exposed to severe shocks in ser- 
vice, and which, in winter, are exposed to low temperatures. 
For most purposes not more than 0.05 per cent, of phos- 
phorus is allowable in steel, except for thin rolled plates 
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shown that the presence of 
phosphorus makes hot-roll- 
ing easier. 

In cast iron, phosphorus 
lengthens the period of 
solidification of the cast 
u-on in the mold, and makes 
the h-on m'ore fluid. With 
a high phosphorus content 
(say 1.0 per cent.) very 
sharp clean-cut castings are 
produced, but they are 
very brittle. Such cast iron is useful for castings in which 
brittleness is not a drawback, and where sharpness of form 
is of great importance, e.g., in castings for stoves and 
kitchen ranges, decorative work, street signs, etc. 

Sulphur.— If sulphur combines directly with iron as 
ferrous sulphide, it diminishes the strength and the duc- 
tiUty of iron. If manganese is present the sulphur com- 
bines with it rather than with the iron forming manganese 
sulphide. This has Uttle effect on the strength or the duc- 
tility of the iron, but by many metallurgists it is claimed 
to render the iron Uable to rapid corrosion. Sulphur tends 
to make iron brittle when red hot — ''red short" is the term 
used. Sulphur is not a very dangerous ingredient in rolled 
steel which on inspection is seen to be free from cracks, 
because the presence of a dangerous amount of sulphur 
would have rendered the steel so "red short'' that it would 
have been impossible to roll it. Sulphur is an ingredient 
more troublesome to the steel producer than to the steel 
user, while phosphorus is more troublesome to the user than 
to the producer. 
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In cast iron, sulphur tends to cause the carbon of the h*on 
to assume the combined form rather than that of graphite, 
and hence tends to make the cast iron hard and brittle. 

Manganese. — In small quantities manganese does not 
have a great direct eflfect on the properties of u-on and steel, 
but is of great value in combining with any sulphur or 
oxygen present, and thus preventing the combination of 
these elements with iron. 

A manganese content greater than about 7 per cent, 
makes steel very strong and tough, but so hard as to be 
practically unworkable. Manganese steel usually contains 
about 12 per cent, of manganese, and while by the exercise 
of great care it may be forged or rolled, it is usually cast 
directly into the desired shape of the finished product. It 
is used for the jaws of rock crushers, for special rails, frogs, 
and crossings for railroad work, for burglar-proof safes, 
and, in general, where extreme hardness or resistance to 
wear is of prime importance. 

Nickel. — A nickel content of about 3.5 per cent, makes 
steel stronger and more resistant to shocks. Nickel steel 
is somewhat more expensive than ordinary carbon steel, 
but is widely used where high strength is necessary, e.g., 
for armor plate, automobile axles, gas-engine valves, 
special rails, long-span steel bridges. Nickel strengthens 
steel without reducing its ductiUty to any gi:eat extent, 
hence nickel steel is tough. 

Steel alloyed with about 36 per cent, of nickel has a 
very low coejEcient of expansion (about one-sixth that of 
ordinary iron) — lower than for any known metal. This 
steel alloy is known as ''invar'' steel and is used in making 
measuring tapes and steel scales, and in measuring instru- 
ments in which expansion aflfects the accuracy of the in- 
strument. Invar steel is very expensive and is very brittle, 
hence invar steel measuring tapes can not stand severe 
field service. 

Chromitun. — Chromium makes possible a steel of great 
hardness and strength. Chromium is usually used in 
connection with nickel in making special grades of steel. 
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Chrome-nickel steel is used for armor plate, projectiles, 
safes, automobile axles, etc. Chrome-nickel steel gears 
are in extensive use, and have excellent wearing qualities. 

Vanadium. — Vanadium in the form of ferrovanadium 
adds great strength to steel, and seems to be especially- 
valuable in adding resisting power against repeated appUca- 
tions of stress. Vanadium steel is used for springs, axles, 
locomotive frames, and other parts of railway equipment; 
it is also used in automobile construction. Vanadium 
seems to benefit cast iron, probably on account of its 
tendency to remove oxygen from the iron. 

Tungsten and Molybdenum. — The presence of tungsten 
and molybdenum in steel so affects the critical tempera- 
ture, at which steel changes from a very hard material to 
a much softer material, that with proper heat-treatment 
tungsten and molybdenum steels retain their hardness at 
a red heat. The various '' high-speed" tool steels used for 
machine-tool cutters depend for their pecuUar properties 
on the presence of tungsten or molybdenum. 

Copper. — A small amount of copper, not more than 1 
per cent., has no marked effect on the strength or the 
ductility of steel, but is claimed by some metallurgists to 
diminish the tendency to corrosion. 

Titanium.— In making pig iron the presence of titanium 
in the ore is objectionable as it tends to make the pig iron 
'' sticky" as it flows from the blast furnace. Recently 
titanium had been used as an alloying ingredient for steel, 
and is claimed to render the steel more uniform in quality 
throughout. Titanium has been used in making rail steel. 

The Corrosion of Iron and Steel. — The surface of iron 
or steel as it is machined is a silvery white. After exposure 
to the air the surface becomes covered with a thin layer of 
oxide. With prolonged exposure to moist air this film of 
oxide becomes somewhat deeper and the surface of the iron 
assumes a reddish-brown color. The mere formation of an 
evenly distributed coat of rust (oxide) does very little 
structural injury to the metal, the coat of oxide soon pro- 
tects the iron from further general rusting. There is. 
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however, a corrosive action known as "pitting" which 
sometimes attacks steel and iron in small spots, eating 
deep holes into the metal. This pitting action seems to 
spread, once such a hole is started, and may continue until 
the member attacked is fatally weakened. 

The phenomena of corrosion involve very complicated 
chemical and electrolytic actions, it is now generally ac- 
cepted that destructive corrosion, or pitting, is the result 
of electrolytic action between the pure iron and the im- 
purities mixed with it in steel, and manganese sulphide is 
suspected of being an active corroding agent. It is claimed 
by the makers of wrought iron that the presence of slag in 
wrought iron tends to inhibit corrosion, or at least to check 
its spread throughout the metal. The question of the 
relative resisting power to corrosion of wrought iron and of 
steel is a much-disputed one. Many examples are given of 
structures of both materials which have failed by corro- 
sion, and many structures of both materials have given 
good service for many years. Care in the manufacture of 
the material seems to be of about as much importance in 
producing a rust-resisting material as does the nature of 
the process used. 

Since the general acceptance of the electrolytic theory of 
corrosion the efforts of steel manufacturers to produce a 
rust-resisting steel have been directed along three lines: 
(1) to produce a material of a very high degree of purity 
so that there will be present very few foreign ingredients 
to set up electrolytic action with iron; (2) to put into the 
steel some ingredient which will act to inhibit electrolysis 
of the iron ; and (3) to produce a specially fine-grained sur- 
face to the steel by working it in special rolls, and making 
it dense and mechanically resistant to corroding action. 
All these methods give promise of usefulness, but none has 
been in use for a suJEcient period of time to demonstrate 
completely its value. 

Strengtib and Ductility of Iron and Steel. — In Table 2 of 
Chap. XX are given average values for the proportional 
limit, ultimate strength, and ductiUty of the common 
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grades of iron and steel. The values in the table are gen- 
eral averages and considerable variation from them may 
be expected in individual lots of metal. 

It will be noted in Table 2 that values of proportional 
limit for steel in compression are the same as for steel in 
tension. Recent tests by the U. S. Bureau of standards 
indicate that for thick rolled steel the proportional limit 
and the yield point are not infrequently found to be lower 
for compression than for tension. 

Fig. 7 (page 19) gives typical stress-strain diagrams up 
to the yield point for the common grades of iron and steel. 
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CHAPTER XIII 
THE NON-FERROUS METALS AND ALLOYS 

Importance of Non-ferrous Metals. — While iron and 
steel are by far the most important of the metals used for 
structm-es and machines, other metals are by no means 
without importance. This chapter gives a very brief treat- 
ment of the occurrence and properties of some of the more 
important of the non-ferrous metals, and of some of the 
more important of their alloys. 

Copper. — In the United States there are extensive de- 
posits of copper ore in the Lake Superior region and in the 
Rocky Mountain region. The Lake Superior ores contain 
native copper in a very pure form, while in the mines of 
Montana, Utah, and Arizona, the ore is in the form of 
copper sulphide and copper-kon sulphide. 

Copper is obtained from sulphide ores by a complex 
process involving four stages: roasting, smelting, convert- 
ing (or Bessemerizing) and electrolytic refining. Roasting 
of copper consists in partially burning out the sulphur of 
the sulphides of copper and iron present in the ores leaving 
oxides in place of sulphides. The roasting of copper ore 
is carried out in special roasting furnaces. The roasting 
stage is frequently combined with the smelting stage. 

Smelting of the roasted ore takes place either in a blast 
f menace or in a ' ' reverberatory " furnace. In the smelting 
process the chief change is the removal in slag of the earthy 
impurities, and the production of a mixture of metallic 
sulphides of iron and copper. This mass is known as matte. 

The matte is further purified in a Bessemer converter. 
The converting process takes place in two stages. In the 
first stage the air blown through the molten matte sets up 
very complicated reactions, the result being the oxidation 
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of the iron sulphide, and the passing of the iron oxide formed 
into slag, while there is left "white metal'' which is nearly 
pure copper sulphide. In the second stage this copper sul- 
phide is "blown" and after a complicated reaction crude 
copper, known as "blister" copper is produced. 

In the electrolytic refining process anodes of bUster cop- 
per are placed in a sulphiu-ic acid bath. The sulphiu-ic 
acid is obtained from the products of roasting the sulphide 
ores. A cathode of very pure copper is used and from the 
electrolytic bath very pure copper is produced. "Electro- 
lytic" copper is the purest copper on the market, and is the 
only kind of copper used for electric conductors. 

The native copper (found mainly in the Lake Superior 
region) is concentrated from its ores, though if copper for 
electrical conductors is to be produced the final process is 
that of electrolytic refining. 

In recent years deposits of low-grade copper ores have 
been successfully worked by treating the ores with sulphuric 
acid, and then, by electrolysis of the solution, obtaining 
pure copper. 

Uses of Copper. — Copper is widely used for electrical 
wires, on account of its high electric conductivity. Next 
to silver it is the best conductor known. It is also very 
extensively used as a constituent of alloys with tin, zinc, 
and aluminum. These alloys are discussed in later para- 
graphs of this chapter. Copper is sometimes used for the 
tubes of condensers and other tubes in cases where the cor- 
rodibiUty of iron and steel render them unsuitable, also for 
small tubes which must withstand high pressm-e and yet 
be flexible. On account of its high resistance to atmos- 
pheric corrosion, copper, in the form of rolled plate, is used 
for roofing and sheathing. 

Physical Properties of Copper. — Copper is a malleable 
and ductile metal with a characteristic reddish color. In 
Chap. X was discussed the variation in the physical prop- 
erties of steel due to mechanical working. Copper exhibits 
even greater variability in physical properties due to treat- 
ment. For cast copper the ultimate strength is about 
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25,000 lb. per square inch. It has no yield point. A poorly 
defined proportional limit is found at about 8,000 lb. per 
square inch. It has an elongation in 8 in. of about 7 per 
cent. When cold-roUed or cold-drawn (hard-drawn is a 
term frequently used), copper has an ultimate of from 40,000 
to 60,000 lb. per square inch depending on the amount of 
reduction by drawing. It has a poorly defined propor- 
tional limit of about three-quarters the ultimate, and an 
elongation in 10 in. of about 3 per cent. Hard-drawn cop- 
per may be softened by annealing, and its physical proper- 
ties are then about the same as those of cast copper. 

Altunintun. — Aluminum is a silvery white metal of con- 
siderable ductility and malleability and of extreme light- 
ness. All clayey earths contain a high percentage of alum- 
inum usually in the form of a silicate, but sometimes in the 
form of an oxide. At the present time the commercial ores 
of aluminum contain the oxide or the fluoride. The pure 
metal is produced by the electrolysis of molten aluminum 
oxide which is protected by a ''slag" of aluminum fluoride. 
The process is carried on in an electric furnace and the elec- 
tric current furnishes heat, and also causes the separation 
of the metal from its ore. 

Uses of Altuninum. — Aluminum is widely used in metal- 
lurgical processes on account of its property of ''quieting" 
molten metals which without its addition would boil vigor- 
ously under the action of escaping gas. 

Aluminum is used alloyed with small amounts of tin and 
of zinc, and with larger amounts of copper to form several 
valuable alloys which are discussed later in the chapter. 
Aluminum either cast or rolled is used for the material of 
machine parts in which weight is objectionable and in 
which great strength is not necessary; for example, for the 
crank and gear cases of motor cars. It is also used for 
electrical conductors on account of its high conductivity 
(about 60 per cent, that of copper), light weight, and 
(in the form of hard-drawn wire) fairly high strength. 
The burden put on the supporting towers and poles of an 
electrical power transmission line by the dead weight of 
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wire is about half as much if the conductors are of aluminum 
as when they are of copper. On account of its high resist- 
ance to corrosion aluminum is extensively used for cooking 
utensils. 

Properties of Aluminum. — The salient property of alum- 
inum is its extreme lightness. It weighs about 0.094 lb. 
per cubic inch as compared with 0.280 lb. per cubic inch for 
steel. Cast aluminum has an ultimate strength of about 
22,000 lb. per square inch with a poorly defined propor- 
tional limit of about 12,000 lb. per square inch. Hard- 
drawn aluminum wire has an ultimate of about 30,000 lb. 
per square inch and a poorly defined proportional limit of 
about 18,000 lb. per square inch. Aluminum resists very 
strongly the corroding influence of the atmosphere, but is 
readily attacked by strong alkaUes or organic acids. 

Zinc. — Zinc is a bluish-white metal found in nature 
mainly in the form of the carbonate or the sulphide. In 
the United States there Sfe extensive deposits of zinc ore in 
New Jersey, in southwest Missouri, and in southwest 
Wisconsin. Zinc ore is first roasted to transform the 
sulphide or the carbonate to zinc oxide. The oxide is then 
heated with charcoal or some other cheap form of carbon. 
The carbon combines with the oxygen of the oxide; pure 
zinc is separated from the ore, is volatihzed, and the metal 
vapor is conducted to cooUng chambers where it is con- 
densed to Uquid form and poured into small ingots. Zinc 
thus produced is commonly known as spelter. Spelter is 
remelted and rolled into sheets. The rolling is done at a 
temperature of very nearly 248°F., and it is important that 
this temperature be maintained very closely during rolUng, 
as zinc is much less ductile at temperatures either higher 
or lower. 

Properties of Zinc. — Zinc weighs about 0.27 lb. per 
cubic inch. Cast zinc has an ultimate strength of about 
9,000 lb. per square inch, but no well-defined proportional 
Umit. Rolled zinc has an ultimate of about 24,000 lb. per 
square inch and a poorly defined proportional limit of about 
5,000 lb. per square inch. Zinc resists atmospheric corro- 
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sion strongly, but is readily attacked by acids. Of all the 
commercial metals zinc is the most electronegative. 

Uses of Zinc. — The electronegative action of zinc makes 
it useful in electric batteries, it is the negative element in 
practically all primary batteries. Zinc is widely used as 
a protective coating against corrosion on iron and steel 
plates. Plates so protected are known as galvanized iron, 
when the coating is applied by dipping the plate in molten 
zinc, or by plating the zinc on the iron by electrolysis; and 
are known as sherardized iron when the coating is formed 
by the condensation of volatilized zinc dust on the iron. 
To a limited extent zinc plates are used for roofing and 
spouting for houses on account of the corrosion-resisting 
powers of zinc. Zinc is rarely used as a stress-carrying 
member of a machine or structure ; in some cases zinc strips 
have been used to support electric cables which are exposed 
to the corroding action of the atmosphere. Zinc is an 
important ingredient in various alloys, and its use as an 
alloy material is discussed in succeeding paragraphs. 

Non-ferrous Alloys. — A large variety of useful metals 
are produced by melting together various combinations of 
the commercial non-ferrous metals. The study of the na- 
ture of the alloys thus produced is an interesting chemical 
problem. In some cases the resulting alloy seems to be 
merely a mixture of the elementary metals which may be 
present in almost any proportion; in other cases the alloy- 
ing of certain definite proportions of metals seems to pro- 
duce definite chemical compounds. In many cases the 
properties of the alloy differ widely from those of the con- 
stituent metals. The properties of an alloy depend not 
merely on its chemical composition, but also on the methods 
used in producing it, and on the mechanical treatment it 
receives. 

Copper-zinc Alloys; Brasses. — Copper and zinc alloyed 
produce brass, one of the commonest of alloys. Copper 
and zinc can be alloyed in any proportion. The average 
physical properties of brass with varying percentages of 
copper and zinc are shown in Fig. 43, which is self-explana- 
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tory. Brass can be cast directly into shape, and can be 
rolled or drawn into sheets, tubes, rod, and wire. It 
corrodes lesa easily than iron or steel, and finds a wide use 
for hydrauhc fittings, pump linings, and in places where 
prolonged exposure to moisture is necessary. Brass costs 
seven or eight times as much as iron or steel. Brass is a 
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Flo. 43. — Properties of oopper-iino alloys (brasaes). The modulus of elas- 
ticitj' for braHB varies from 9.000.000 to 14,000,000 lb. peisq. in., averaginf: about 
1:1,000,000 lb. per sq. in. 



useful metal for bearings. If it is attempted to run a steel 
shaft in a steel bearing, the rubbing surfaces cut and tear 
each other. If, however, a softer metal, such as brass, is 
used as a bearing metal against steel, a smooth surface is 
worn, and cutting is not so likely to take place. 

Copper-tin Alloys; Bronzes.— Copper and tin Uke copper 
and zinc can be alloyed in any proportion. The proper- 
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ties of bronze, as the alloy of copper and tin is called, for 
varying proportions of the ingredients is shown in Fig. 44, 
which is self-explanatory. Bronze can be cast into shape 
or rolled into wire, rods, and sheets. It resists corrosion 
even better than brass, if is more expensive than brass, 
and its uses are, in general, the same. The terms "brass" 
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I alloys (bronies). The modulus of elasticity 
17,000,000 lb. per sq. in., averagiiis about 



and "bronze" are somewhat loosely used in practice, either 
term being frequently used to denote any yellow metal 
containing copper in large proportion. 

Three-metal Alloys. — Alloys with very high strength and 
ductility can be produced by the proper mixture of copper, 
zinc, and tin. Table 3, Chap. XX, gives the approximate 



108 MATERIALS OF ENGINEERING 

composition and the physical properties of a number of 
common three-metal alloys. It should be remembered 
that the properties of an alloy depend largely on the proper 
foundry treatment of the ingredients while the alloy is 
being melted, such as temperature of pouring, and on the 
mechanical treatment after melting, such as rolling or 
drawing out, as well as they do on the chemical composition. 
The properties given in Table 3 would be found only in 
alloys manufactured under good foundry conditions. 

The efifect of cold-rolling and cold-drawing on the proper- 
ties of alloys is similar to the efifect on iron and steel, 
namely a raising of the elastic strength of the material, 
and, especially in the case of the copper alloys, a raising 
of the ultimate also. 

Special Bronzes. — ^Various special copper alloys are pro- 
duced by alloying various metals with copper. These 
alloys are usually spoken of as special bronzes even though 
they contain no tin or zinc. Some of the more common 
will be briefly enumerated; their properties are given in 
Table 3. 

Aluminum bronze is an alloy of aluminum with copper. 
The aluminum gives the alloy lightness, while the addition 
of copper to pure aluminum increases its strength. 

Manganese bronze is an alloy of copper with manganese 
and a Uttle iron. The manganese by its strong affinity 
for oxygen ''cleanses'' the metal of any small particles of 
oxide. Manganese bronze has a very high strength, about 
equal to that of structural steel. Manganese bronze 
resists corrosion by either salt or fresh water remarkably ' 
well, and is used for propeller wheels and other parts of 
ships. • 

Phosphor bronze is prepared by the addition of a little 
phosphorus to a copper-tin alloy. The phosphorus itself 
has but little efifect on the physical properties of the bronze, 
but it unites with any oxide present, and ''cleanses'' 
the alloy from the injurious efifects of the oxide. 

Bearing Metals. — In nearly all machines there are 
shafts running in bearings and sliding surfaces which rub 
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against each other. In choosing metals for bearing sur- 
faces it is important to choose metals which, as they rub 
together, will wear smooth bearing surfaces, and will 
develop the minimum of friction. Usually it is found 
advisable to make the shaft or other moving part of hard 
metal and the bearing face of soft metal. Steel on cast 
iron, steel on brass or bronze, and steel on various special 
soft ''bearing metals'' are examples of good wearing sur- 
faces. The faces of bearings are frequently made of special 
''bearing metals" which are soft and which melt at a low 
temperature. Bearing facings made of such metals can 
be cast directly in place, and usually require no machining. 
The best known of such bearing metals is "Babbitt 
metal,'' which has the approximate composition, tin 89 
parts, copper 4 parts, antimony 7 parts. Another bearing 
metal has the approximate composition, lead 80 per cent., 
antimony 20 per cent. Lead alone is too soft for a bearing 
metal, and the addition of antimony is necessary to give 
the requisite hardness. A large number of special bearing 
metals are on the market, most of them alloys of lead, tin, 
and antimony. 
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CHAPTER XIV 
TIMBER 

Uses in Engineering Construction. — Timber has been 
used as a structural material since the earliest times. It 
is less costly than iron, steel, concrete, or brick; it is light 
and handled with ease, and it can be readily sawed and cut 
to almost any desired shape. On the other hand it is 
easily destroyed by fire and is subject to decay and these 
facts greatly diminish its value for permanent construc- 
tion. In general, at the present day timber is used for 
cheap or for temporary construction, and for structural 
members (notably railway ties) which must possess a high 
degree of resilience under shock. 

Principal Varieties of Structural Timber. — The com- 
mercial varieties of wood are divided into two general 
classes, soft wood and hard wood. The distinction between 
hard wood and soft wood is not entirely logical. Some of 
the harder and stronger of the ''soft" woods (e.gr., yellow 
pine) surpass in hardness and strength the softer species of 
''hard'' wood (e.g., poplar). The term softwood is applied 
to wood from any one of the numerous cone-bearing trees, 
of which the pines, the spruces, the hemlock, the fir, the 
tamarack, the cedar, the cypress and the redwood are the 
principal species. Nearly all cone-bearing trees are "ever- 
greens.'' The term hard wood is applied to wood from the 
"broad-leaved" trees, some of the commonest of which are: 
the white oak, the red oak, the ash, the hickory, the poplar, 
the maple, the walnut, the chestnut, the beech, the catalpa, 
the eucalyptus, and the mahogany. For general struc- 
tural purposes the soft woods are much more generally 
used than are the hard woods. The principal uses of the 
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hard woods are for interior finish, furniture, cabinet work, 
and the like, though white oak and red oak are used for 
railroad ties, and hickory and ash are used for the wooden 
parts of vehicles and agricultural implements. 

Production of Timber in the United States. — Fig. 45 is 
a map of the United States showing the location of the prin- 
cipal supphes of timber. The future supply of timber is 
a question of great importance to structural engineers. 
At the present time the annual consumption of timber in 
the United States is about four times the amount, of the 
annual growth of timber. Already several regions formerly 
supplying great quantities of timber are practically de- 
forested, and the price of timber shows a marked rise from 
decade to decade. It seems probable that in the future 
many structures now built of timber will be built of steel, 
concrete, or brick. Efforts to insure an adequate supply of 
timber give some promise of success along several lines 
among which are : the systematic growing of timber on land 
not suitable for food crops, economy in the use of wood 
through a careful study of the physical properties of vari- 
ous species and the utilization of species formerly thought 
unavailable, and such methods of lumbering as will mini- 
mize the danger of great forest fires, which in past years 
in this country have destroyed as much timber as has been 
used for all structural purposes. 

Structure of Wood. — A tree grows by the annual addition 
of consecutive rings of wood fiber. The growth takes place 
on the outside rings. A cross-section of a tree shows a cen- 
tral core or ''pith'' of small diameter which assists the tree 
growth by storing up plant food during the first year or two. 
Outside this pith are concentric rings, usually well marked, 
which show the growth of the tree from year to year. The 
width of these rings varies widely in different species of 
trees, and in different trees of the same species grown under 
different conditions. The width of rings is a function of the 
rate of growth of the tree. The outer rings of a mature 
tree serve as ducts for the passage of sap, which furnishes 
the plant food necessary for the growth of the tree, and the 
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wood of the outer rings is called sap wood (Fig. 46). The 
inner rings have ceased to carry sap, and the wood from the 
inner rings is called heart wood. In general, unless decay 
has set in, the heart wood is stronger than the sap wood. 

In the temperate zones the rate of growth of a tree varies 
greatly for different seasons of the year. The growth is 
most rapid in spring, less rapid in summer and early fall, 
and practically zero for late fall and winter. The "spring 
wood" is usually hghter colored than the "summer wood" 




Fio. 46. — Crois-secti< 



and the annual rings of a tree usually appear distinct on 
account of the jxixtaposition of the dark-colored summer 
wood and the Ught-colored spring wood of the next year's 
growth. 

The soft woods are made up for the most part of an aggre- 
gation of elongated tubular cells (tracheids) which extend in 
a direction parallel to the axis of the tree trunk. These 
cells are closed at the ends and absorb water through their 
porous walls. At right angles to these tubular cells are 
numerous groups of cells extending in a radial direction 
and called rays. Through these rays plant food is distri- 
buted across the tree section. In some soft woods there are 
longitudinal tubes called resin ducts, in which resin is 
formed. 
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The hard woods have a much more complex structure 
than the soft woods. In hard woods the rays are much 
larger and more numerous than in soft woods. The elon- 
gated tubular cells (tracheids) are of minor importance, and 
the principal structural elements of the hard woods are 
longitudinal wood fibers, made up of elongated, sharp- 
pointed cells with very thick walls. 

The general longitudinal direction of the tubular cells 
which make up the greater part of wood give a distinctive 
''grain'' to its structure. If these cells extend parallel to 






Fig. 47. — The "grain" of wood. Upper stick is straisht-grained, lower two 
sticks show cross-grained or twisted-grained wood. 

the axis of a tree trunk, the timber from that tree is straight- 
grained, if the fibers take a spiral course the grain is twisted, 
and if the ''sense'' of the spiral (right-handedness or left- 
handedness) is reversed as the tree grows, the timber is 
cross-grained. Fig. 47 shows examples of straight-grained, 
twisted-grained, and cross-grained timber. 

When, during the growth of a tree, the trunk end of a 
branch becomes enclosed by successive annual rings, there 
is formed a knot in the wood. Knots sometimes constitute 
serious defects in timber. This will be discussed later. 

Strength of Timber. — The strength of timber is affected 
by a great many factors, and for timber structures the safe 
working stresses are very much lower than the ultimate as 
shown by laboratory tests of specimens; in other words, it 
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is necessary to use a high "factor of safety" for timber. 
One of the factors which influence the strength is the 
"grain" of wood. The tensile strength and the compress- 
ive strength in a direction parallel to the grain (along the 
grain) are much higher than in a direction perpendicular 
to the grain (across the grain). The shearing strength 
along the grain is much lower than the shearing strength 
across the grain. The shearing strength of timber along 
the grain is very much lower than the tensile or compress- 
ive strength along the grain, and this fact must be kept in 




mind when the strength of timber beams is being con- 
sidered. For this reason the horizontal shear in timber 
beams is a much more important factor than it is in steel 
beams, and it must always be taken into account in design- 
ing such a beam. Fig. 48 shows a characteristic failxu-e of 
a timber beam by horizontal shear. The low shearing 
strength along the grain makes it difficult to use wood for 
tension members of structures. Fig. 49a shows a stick of 
timber in tension, held at the ends by bolts through the 
stick. For this stick there is danger of failure by shear 
along the lines ac and bd rather than by tension on a cross- 
section of the stick. To develop the tensile strength of the 
cross-section it would be necessary to have very long ends. 
Fig. 49& shows a joint between two timbers. The danger 
of failure by shear along mn must be considered as well as 
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the compressive stress on nq. The tensile strength of tim- 
ber is of importance chiefly in the consideration of the ten- 
sile stresses in timber beams. 

Timber makes good material for compression members, 
and it is frequently used for such members. In trusses for 
roofs and bridges it is not uncommon to make the tension 
members of steel and the compression members of timber. 
Timber has a low modulus of elasticity, that is, its stiffness is 
low, and its texture is non-uniform, and these facts make 
long timber columns or beams very sensitive to influences 




(b) 

Fig. 49. — Wooden structural parts under stress. 

tending to produce sidewise buckling. For wooden col- 
umns there should be a large reduction factor for efifect of 
length of column upon allowable compressive stress. Tim- 
ber is very rarely used for shear members or for torsion 
members. Table 4, Chap. XX, gives average values for 
the strength of various kinds of wood, as determined by 
laboratory tests. 

Elastic Properties of Wood. — The elastic limit and the 
proportional limit of wood are less well defined than the 
corresponding limits for steel, and wood has no yield point. 
The proportional limit furnishes the best criterion of static 
strength, and values of the proportional limit for various 
kinds of timber are given in Table 4, which also gives 
values of the modulus of elasticity for timber. The ratio 
of strength to stiffness is much higher for timber than for 
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iron or steel, and very much higher than for cast iron or 
concrete. 

Wood is a good material for structural members and ma- 
chine parts which must withstand shock. The reason for 
this is the fact that resistance to shock depends on two 
factors: (1) the stress which can be carried, and (2) the 
deformation (stretch, compression, or deflection) which 
can be withstood. Wood can not withstand a high unit 
stress without injury, but can withstand a very large de- 
formation without injury. The elastic resistance to impact 
(resilience) for any material is measured by the area under 
the stress-strain diagram up to the proportional limit, and 
an examination of stress-strain diagrams for wood, cast 
iron, and steel shows that for elastic resistance to shock, 
wood has about half the capacity per cubic inch of steel, 
and a much higher capacity per cubic inch for elastic re- 
sistance to shock than does cast iron (see Fig. 4, page 11 
for typical stress-strain diagrams for steel, cast iron and 
wood). Wooden parts for structures and machines have, 
in general, ten or twelve times the volume of steel or cast- 
iron parts, and as shock-resisting capacity of a member 
is proportional to the product of its volume and the shock- 
resisting capacity per cubic inch of the material, wooden 
structural members have a higher capacity for elastic 
resistance to shock than do steel members, and a very much 
higher capacity than do cast-iron members. 

In resistance to complete rupture under shock wood ranks 
higher than does cast iron, but lower than structural steel. 
Resistance per cubic inch of material to complete rupture 
under shock is measured by the area under the entire stress- 
strain diagram. An examination of Fig. 3, page 11, gives 
some idea of the relative capacities of wood, steel, and cast 
iron for resistance to complete rupture under shock. 

Strength of Large Pieces of Timber. — In using the values 
of ultimate strength given in Table 4 as the basis from 
which to determine allowable working stresses for full-sized 
wooden structural members the effect of size of member 
must be considered. If the structural member is small, 
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e.g., a rod for the frame of an aeroplane, and a selected 
piece of clear, straight-grained timber can be used, the 
values for ultimate strength given in Table 4 for small, 
clear test specimens could be developed. For a large 
structural member of the same kind of wood, e.g., for a 
bridge stringer, the probability of knots, cross-grained 
wood, and other defects would be high, and the ultimate 
fiber stress would be that given for full sized structural 
timbers. Tests of large timber beams and columns always 
give lower results for ultimate stress than do tests of small 
selected specimens of the same kind of wood. Table 1 
gives stresses for various kinds of timber, which have come 
to be considered safe by engineers. 

Effect of Moisture on the Strength of Timber. — Struc- 
tural timber as ordinarily placed on the market contains 
about 12 per cent, of water. If the timber has been kiln- 
dried, the moisture content is reduced to about 3.5 per 
cent. Green timber may contain as high a moisture con- 
tent as 35 per cent. Up to a moisture content of about 
25 per cent, the fibers of the wood absorb water and are 
softened and weakened by it, especially in compression. 
Above this saturated condition, which is called the '* fiber 
saturation point'' water no longer affects the strength and 
stiffness of wood. The general effect of moisture content 
on the strength and the stiffness of soft wood is shown by 
Fig. 50, the basis of which is found in the results of tests 
by the U. S. Forest Service, made principally by Mr. H. D. 
Tiemann. 

Time Element in the Strength of Timber. — Under long- 
continued static loads timber will fail with fiber stresses 
much lower than the ultimate stresses found by laboratory 
tests, in which the loading extends over a few minutes. 
This time effect extends over several months, if not over 
longer periods of time, for large pieces of timber. Under 
long-time loading, test pieces of timber have been broken 
under stresses a Uttle greater than 50 per cent, of the ulti- 
mate strength as given by short-time tests. This very pro- 
nounced time effect is one of the reasons why working 
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stresses for timber are so low as compared with the ulti- 
mate strength as found by tests. 

CommoD Defects in Timber.- — Some of the common de- 
fects found in commercial timber are: cross-grain, knots, 
sphts and cracks {called "shakes"), bark or raggedness of 
wood at the edges of boards (called "wane"), and pitch 
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pockets. The general requirements for yellow pine bridge 
and trestle timbers as given by the 1916 "Standards" of 
the American Society for Testing Materials furnish a good 
example of reasonable requirements for structural timber. 
These general requirements read, in part: 

"Except as noted all timber shall be cut from sound trees and sawed 
standard size; close-grained and solid; free from defects such as injurious 
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ring shakes and crooked grain; unsound knots; knots in groups; decay; 
large pitch pockets, or other defects that will materially impair its 
strength." 

An explanation of some of the terms used in the foregoing 
paragraph may be of service. Ring shakes are cracks be- 
tween the annual rings of the wood. ''Unsound" knots 
include loose knots and rotten knots (knots softer than the 
surrounding wood). Pitch pockets are openings between 
the fibers of the wood, extending along the grain, and con- 
taining pitch or bark. A pitch pocket more than % in^ 
wide or 3 in. long is considered a large pitch pocket. 

Nominal and Actual Sizes of Commercial Lumber. — The 
actual cross-sectional dimensions of commercial lumber are 
somewhat less than the nominal dimensions. Lumber 
sawn to size is not regarded as having ''short" dimensions 
unless an actual dimension differs from the nominal by 
more than }^i in. For dressed lumber an allowance of H 
in. for each face dressed is made; a stick nominally 12 in. by 
12 in. dressed on the four sides would actually measure 
about llj^ in. by 113^ in. 

Seasoning of Timber. — The high moisture content of 
green timber is reduced by exposure to atmospheric air, or 
by heating in kilns. The former process is called seasoning, 
and reduces the moisture content from 30 or 35 per cent, 
to 12 or 15 per cent. During the period of seasoning, 
timber should be piled so that air has free access to each 
stick. The time required for proper seasoning varies 
greatly for different kinds of wood, and for different sized 
pieces, but is never less than several weeks. Hard wood is 
usually seasoned for several months before being kiln-dried. 
KUn-drying of timber is carried on at a temperature of 158° 
to 180°F. Kiln-drying reduces the moisture content of 
timber to about 3.5 per cent. If the timber is allowed to 
get too hot, chemical changes take place in the wood struc- 
ture which reduce the strength and the resilience of the 
wood. 

Shrinkage of Timber during Seasoning. — During the 
seasoning of wood, shrinkage takes place, and the circum- 



TIMBER 



121 



ferential shrinkage of a stick is relatively greater than the 
radial shrinkage. This is due partly to the resistance to 
radial shrinkage offered by the rays of the wood, and partly 
to the fact that in a radial direction the rings of summer 
wood are resisted in their tendency to shrink by the less 



shrinkable spring wood, while circumferentially the summer 
wood shrinks along the rings. The effect of this unequal 
shrinkage is to set up internal stresses which sometimes 
cause cracks or cheeks in timber as illustrated in Fig. 51. 

In sawing boards or beams from a log of wood if the log 
is sawed into parallel strips, as shown in Fig. 53a, the boards 




Fio. 53.^ — Methods of cutting boarda from loga. 

which are cut squarely across the annual rings are spoken 
of as "quarter-sawed," while the boards from the edges 
are spoken of as "slabs." The width of a slab is nearly 
tangential to the annual rings, and under the unequal 
shrinkage due to drying, the slab is warped much more than 
the quarter-sawed board. This effect is shown in Fig. 52. 
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Figs. 53& and 53c show plans of cutting boards from a log 
so that waste will be minimized, and slabs eliminated. 

Decay of Wood. — The cells of wood with the water 
found in them furnish food for a variety of destructive 
bacteria and fungi. These bacteria and fungi feed on the 
moist wood fiber and cause rotting of the wood. Lack of 
moisture diminishes the food value of the wood, and hence 
seasoning, which removes moisture, diminishes the rapidity 
of decay of wood and lengthens its life. Well-seasoned 
timber which is not exposed to moisture retains its strength 
for many years. The usefulness of the seasoning process 
in preserving the life of timber structures which are exposed 
to moisture is limited by the fact that in such structures 
the wood soon reabsorbs moisture, and again furnishes 
abundant food for the destructive bacteria and fungi. In 
this connection it should be noted that timber kept con- 
tinuously under water does not decay, though in sea water 
it may be attacked by niarine boring animals, such as the 
teredo. 

Preservatives for Timber. — The decay of timber exposed 
to moisture can be very greatly retarded if the fibers are 
impregnated with some substance which is poisonous to the 
decay-causing bacteria and fungi. An ideal preservative 
for timber would be poisonous to decay-causing organisms, 
capable of being injected into the innermost fibers of the 
pieces of timber treated, would be retained in the wood, 
and must be cheap. The two wood preservatives in com- 
mon use are creosote and zinc chloride. Creosote is an 
oil, a product of coal-tar distillation. It is poisonous 
to wood-destroying bacteria, it is not soluble in water, 
and hence will not be dissolved out of timber of the action 
of rains or of flowing streams. It can be forced into the 
inner fibers of soft woods and of some hard woods. Zinc 
chloride is violently poisonous to timber-destroying bac- 
teria, can be readily forced into the inner fibers of wood, 
and is cheaper than creosote. It is, however, soluble in 
water, and is gradually dissolved out of timber which is 
exposed to water. 
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Preservative Processes for Timber. — The simplest proc- 
ess of treating timber to preserve it against decay consists 
in simply soaking the pieces to be treated in an open tank 
of hot creosote or other preservative. This process does 
not impregnate the timber very thoroughly, and it is waste- 
ful of preservative. This ''open-tank" process is used 
only for treating small lots of timber where the apparatus 
for more thorough treatment is not available. 

The general method followed in the commercial treatment 
of timber either with zinc chloride, or, as is more common, 
with creosote involves the following steps: (1) seasoning 
the timber; (2) steaming the timber in a large cyUnder to 
soften the wood fiber; (3) the removal of air and moisture 
from the interior of the cyUnder and from the wood fibers 
by means of a vacuum pump; (4) the connection of the 
interior of the cylinder with a tank of preservative (creosote 
or zinc chloride), tHe preservative rushes into the partial 
vacuum formed in the cylinder and penetrates some 
distance into the wood structure; (5) the application of 
pressure to the cylinder forcing the preservative into the 
innermost fibers of the timber; and (6) the removal of the 
pressure, after which the excess of preservative is allowed 
to drip off the timber and run into a tank. 

Uses of Impregnated Timber.^The treatment of rail- 
way ties to preserve them against decay is the most 
widely developed apphcation of the timber treating proc- 
ess. Usually the tie-treating process is carried on in a 
large plant, in which several cylinders about 150 ft. long 
by 10 ft. in diameter receive a number of small cars loaded 
with ties to be treated. 

Timber for piles, especially for piles which are to stand 
in salt water, is also frequently treated with preservative. 
Poles for carrying electric wires, and fence posts are some- 
times treated by the open-tank process over th^ ends which 
are to be placed in the ground. 

The Ufe of a soft wood railway tie untreated with 
preservative varies from 5 to 8 years, creosoted it will re- 
sist decay for 10 to 14 years. If railway ties are to be used 
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in a very dry location, zinc chloride will be almost as 
effective as creosote in lengthening the life of the tie. 

Strength of Treated Timber. — The effect of the preserva- 
tive processes on the strength of timber has been the subject 
of much discussion, and several series of tests on the rela- 
tive strength of treated timber and untreated timber have 
been made. Injury may be done to the timber if the 
preservative process is carelessly carried out, especially 
is there danger of injuring the timber by excessive pressure 
while it is being steamed. If the preservative process is 
carefully carried out, tests seem to indicate that the 
strength of the timber is but Uttle impaired, if at all. 
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CHAPTER XV 
STONE, BRICK AND TERRA-COTTA 

General Uses of Building Stone. — Since the earliest 
known times stone has been used as a material of construc- 
tion for walls, foundations and dams. Stone arches have 
been in use for many centuries. Today the use of stone 
masonry for piu-ely structural purposes is of diminishing 
importance owing to the great development of reinforced 
concrete, but building stone is still used for buildings and 
structures in which appearance and permanence are large 
factors in design. 

Varieties of Building Stone. — The common building 
stones include granite, limestone (including marble), and 
sandstone ; there are many varieties of each of these general 
classes. The granites are the hardest and strongest build- 
ing stones in general use, the sandstones are next in hard- 
ness and strength, and the limestones are, in general, the 
softest and weakest (though the stronger limestones are 
stronger than the weaker sandstones). The harder and 
stronger a building stone is, the more difficult and expen- 
sive it is to quarry blocks of that stone and to dress them 
to shape. In general, the harder stones are the more 
durable. The life of American stone structures before 
di^ntegration under weathering (the action of frost, 
chemical action from gases, etc.) is estimated to vary from 
about 12 years for soft sandstone to several centuries for 
the harder granites. 

Stone Quarrying and Stone Cutting. — Blocks of building 
stone are cut or blasted from the ledges of rock which con- 
stitute a stone quarry. These rough blocks are dressed to 
shape in stone sheds, usually located near the quarries. 
The squaring and final shaping of the stone is done by cut- 
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ting tools operated either by hand, or more commonly, by 
compressed air. Power-driven planers, lathes, and saws 
for shaping large pieces of stone are used to a considerable 
extent, especially for shaping marble. 

Masonry Construction. — In laying together individual 
pieces of stone to form masonry, various methods are 
followed. The simplest form of masonry is riprap, which 
consists of uncut stones piled together without any adhe- 
sive mortar between them. Riprap is used for protective 
embankments for streams, and for low stone walls. It has 
very Uttle structiu'al strength, and is not used for struc- 
tures subjected to any great amount of load. Rubble 
masonry is made up of uncut stones piled and cemented 
together with a matrix of mortar. In uncoursed rubble the 
stones are piled without any attempt at regularity of 
arrangement; in coursed rubble the stones are pUed in 
layers as regularly arranged as possible. Squared stone 
masonry is built up of blocks of stone dressed to regular 
shapes. Cut stone masonry or Ashlar^ masonry is built 
up of blocks of stone squared and with the faces dressed to 
a fairly smooth surface. 

Strength of Stone and of Stone Masonry. — Stone 
masonry is used in structures principally to resist compress- 
ive stress. Individual blocks of stone are sometimes used 
to resist bending, such as the lintels for windows and doors, 
or as top slabs for culverts. The strength per square inch 
of specimens of stone is very much greater than the strength 
per square inch of masonry built from that kind of stone, 
on account of the presence in masonry of mortar joints, 
which are weaker than the stone. Strong stone, in general, 
makes stronger masonry than does weak stone, and on this 
account, as weU as on account of the occasional use of indi- 
vidual stone slabs in flexure, the strength of different kinds 
of stone is of importance to the structural engineer. The 
actual strength of stone masonry depends largely on the 
strength of the mortar used and on the closeness of fit 

^ By some authorities the term Ashlar is used only for cut stone masonry 
in which the joints are not more than J^ in. thick. 
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between adjacent stones. Ashlar masonry is about seven 
times as strong as uncoursed rubble masonry. 

The compressive strength, the flexural strength, and the 
strength in shear of common American building stones are 
given in Table 5, Chap. XX. Allowable loads on different 
kinds of stone masonry are given in Table 1, Chap. XX. 

Burnt-clay Products — ^Brick, Terra-cotta and Tile. — 
An important class of materials of construction comprises 
products of clay-burning kilns. The burnt-clay products 
include building brick, paving brick, firebrick, terra-cotta 
blocks and tiles, porcelains, drain pipe and sewer pipe. 
Clay suitable for making common building brick is very 
common, and large deposits are found in many locations. 
Special grades of clay are required for making paving brick, 
for firebrick, for terra-cotta, and for porcelain. 

General Process of Brick-making. — The clay is first 
washed to free it from pebbles, soil, or excessive amounts 
of sand; it is then ground fine and mixed with water, after 
which the mixture is reduced to a plastic mass in a ''pug- 
mill," which consists of a horizontal cylinder in which re- 
volving blades slice up the clay, mix it thoroughly, and 
finally force it out. Brick-making processes are classified 
as stiflf-mud, soft-mud, or semi-dry according to the degree 
of plasticity of the clay used. After treatment in the pug- 
mill the plastic mass of clay is molded into bricks, tiles, pipe 
sections, or blocks. For tiles, sewer pipe, drain pipe, and 
hollow building blocks this molding is usually done in 
metal molds under heavy pressure. For bricks the molding 
is sometimes done in molds, but the method commonly 
used consists in forcing through a die a ribbon of clay with 
a cross-section of the size of a brick. From this ribbon 
bricks are cut off by means of wires. The molded bricks, 
blocks, or tile are dried for a period varying from a few 
hours to several days, after which they are burned in kilns 
for about a week. After burning, the bricks are allowed 
to cool slowly in the kiln for a period of several days. 

Classification of Building Brick. — The bricks from dif- 
ferent parts of a brick kiln vary markedly in quality. Arch 
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brick or hard brick are those which from their position in 
the kiln have been overburned; they are apt to be warped 
out of shape by the excessive burning; red brick or well- 
burned brick make up the standard output of a brick kiln; 
salmon brick or soft brick are underburned brick, which are 
weak and unsuitable for use except for masonry filling. 
Pressed brick (repressed or face brick) are brick which after 
drying and before burning are subjected to heavy pressure 
in molds. This pressure makes the brick more nearly 
perfect in shape. It also rounds the corners. Pressed 
bricks are much more costly than common bricks and are 
used mainly where appearance is of great importance. 
The standard size of building brick is 2 in. by 4 in. by 8 in. 

Paving Brick and Firebrick. — Paving bricks are usually 
made from shale (clay hardened to rock-Uke structiu'e) 
and in the process of manufacture a higher temperature of 
burning is used than in making building brick. This 
temperature for paving brick is so high that the burned 
clay has a slightly vitreous (glassy) surface. The standard 
paving brick is 8 to 9 in. long, S}i to 3^i in. wide, and 3% 
to 4:}i in. thick. 

Firebrick, capable of resisting high temperatures may 
be divided into acid, basic, and neutral firebrick. Add 
firebricks, used for such purposes as the lining of acid-steel 
furnaces are made from selected fireclay or from a mixture 
of a silica-bearing material (sand or ganister) and lime. 
Acid firebricks are burned at a very high temperature. 
Basic firebricks, used for the lining of basic-steel furnaces 
are made from clay mixed with some substance containing 
magnesium or aluminum (magnesia or bauxite). Basic 
firebricks are also burned at a very high temperature. 
Neutral firebricks are made of a mixture of chrome iron and 
fireclay. 

Terra-cotta. — Terra-cotta is made in the same general 
way as is brick. The raw material is carefully selected 
clay. Hard terra-cotta building blocks, fireproofing ma- 
terial, and tile are made by burning the clay at such a 
high temperature that the resulting product has a slightly 
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vitrified surface. Hard terra-cotta is a strong, brittle 
material. Porous terra-cotta, sometimes called terra-cotta 
lumber, is made by burning a mixture of clay and 
straw or sawdust. The combustible straw or sawdust 
burns out leaving the material light, porous, and tough. 
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)s of terra-cotta blocks. 



Nails and screws may be driven into porous terrarcotta, 
and a wood saw can be used to cut it. Fig. 54 shows 
typical forms of terra-cotta units used for building blocks, 
for fireproofing and also shows typical forms of terra-cotta 
lumber. 
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Drain Tile and Sewer Pipe. — Drain tile is made from 
carefully selected clay. The clay is burned at compara- 
tively low temperatures, and the resulting material is 
porous so that soil moisture will readily pass through the 
walls of the drain tile. Drain tile are usually molded by 
forcing through a die a tube of clay, and cutting off suitable 
lengths with wire. 

Sewer pipe is burned at such high temperatures that the 
surface of the pipe is slightly vitreous, and in addition a 
waterproof glaze is given to the surface by the addition 
of salt during the process of burning. If made without 
socket ends, sewer pipe is molded as is drain tile; for 
pieces of sewer pipe with socket ends a separate mold is 
used for each piece. Sewer pipe is not porous and is used 
for locations where it is not desired to have the pipe absorb 
water from the surrounding soU. The joints between dif- 
ferent pieces in a line of sewer pipe are made tight by the 
use of Portland-cement mortar. 

Sand-lime Brick. — Sand-lime bricks are not burnt-clay 
products, but as they are made of the same standard size 
as are clay brick, and as their uses are the same as those 
of building brick, they will be mentioned here. Sand- 
lime bricks are made of a finely ground mixture of slaked 
lime and sand. The materials, thoroughly mixed, are 
pressed into shape in molds, after which they have suffi- 
cient stiffness to hold their form under their own weight. 
The molded bricks are carried on small cars into a long 
cylinder where they are subjected to steam at a pressure- 
of about 120 lb. per square inch for a period of about 10 hr. 
The action of the steam causes cementing action between 
the Ume and the sand, and when the sand-lime bricks are 
taken from the steam cylinder, they have a fairly high 
strength. The strength of sand-lime bricks increases for 
some months after they are made. Sand-lime bricks are 
used for general building purposes. The strength of sand- 
lime brick is about three-quarters that of ordinary clay 
building brick. 
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Strength of Brick and Terra-cotta and of Brick Masonry 
and Terra-cotta Masonry. — As in the case of stone masonry, 
brick masonry is always used in compression. The com- 
pressive strength per square inch of brick masonry is much 
less than the compressive strength of the individual bricks. 
In general, strong bricks make stronger masonry than do 
weak bricks, but the quaUty of mortar used, the closeness 
of fit between adjacent bricks, and the care used in laying 
brick, aU are important factors in the strength of brick 
masonry. In walls, foundations, and pavements cracks 
occur most commonly along the mortar joints. When 
individual bricks break they nearly always crack across by 
flexure rather than crushing by compression, and the 
flexural strength of individual bricks is a better general 
index of their quaUty than is the compressive strength. 

Tests of compressive strength of brick masonry have been 
made at various testing laboratories. Table 6, Chap. XX, 
gives the summarized results of a number of such tests. 
Table 1, Chap. XX, gives allowable working loads on brick 
masonry. 

Table 6, Chap. XX, gives the summarized results of two 
series of tests of terra-cotta block piers made at the 
University of Illinois. 

Durability of Brick and of Terra-cotta Masonry. — ^Brick 
masonry or terra-cotta masonry if well made from good 
materials are as nearly permanent as any structural 
material. However, they may finally suffer disintegra- 
tion under weathering, and usually the freezing and 
consequent expansion of absorbed water is a prominent 
factor in the disintegrating process. Porous brick absorbs 
much more water than does hard-burned brick, and porous 
brick, in general, weathers poorly. Lime and other salts 
are dissolved out of brick masonry which is exposed to the 
weather and sometimes streaks of lime are deposited on 
the surface of the masonry as the result of this leaching-out 
action. Sand-lime brick, which when new is nearly white, 
and other Ught-colored brick are particularly liable to show 
disfigurement by the leaching out of salts. 
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CHAPTER XVI 

CEMENTING MATERIALS: GYPSUM LIME, AND 

NATURAL CEMENT 

Cementing Materials. — A number of substances possess 
the property when mixed to a paste with water, of harden- 
ing into a solid under the chemical and crystallizing actions 
set up in the paste. Such substances are very valuable to 
the structural engineer. Walls, foundations, piers, and 
other structural units may be constructed by filling molds 
with the paste and allowing it to harden into a sohd of the 
desired shape, or the paste may be used as a binding 
material for the units of brick or of stone masonry. The 
principal cementing materials used in structural work are 
gypsum, lime (including quicklime, hydrated lime, and hy- 
draulic lime), natural cement, and Portland cement; the 
last-named will be discussed in the next chapter. 

G3rpsum. — Gypsum is a combination of sulphate of lime 
with water of crystallization (CaS04 + 2H2O). Large de- 
posits of impure gypsum rock are found in various localities 
in the United States. If gypsum rock is subjected to a 
temperature exceeding 212°F. a portion of the water of 
crystallization is driven off, and the solid residue left, when 
finely ground, is capable of reabsorbing water and harden- 
ing into a solid mass. The natiu'e of the product depends 
on the purity of the raw materials, upon the temperature 
used in driving off the water of crystallization, and upon 
the addition of foreign ingredients to retard or accelerate 
the set. The products of the calcination of gypsum rock 
are marketed under a variety of names, such as : plaster of 
paris, dental plaster, hard wall plaster, Keene's cement, 
and gypsum plaster. 
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Manufacture of Gypsum Products. — The general process 
of preparing gypsum products as used in the United States 
consists in; (1) grinding gypsum rock, which is the raw 
material most commonly used; (2) calcining a charge of 
ground gypsum rock at a temperature varyii^ from 270° 
to 400°F.; (3) fine grinding of the calcined product;' (4) 
for some gypsum products the addition of substances which 
retard the setting of the calcined powder when mixed with 
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water. Gypsum piaster to be used for wall finish is rend- 
ered more plastic by the addition of clay or of hydrated 
lime. The cohesiveness of such plaster is increased by 
adding hair or shredded wood fiber. 

Structural Uses of Gypsum Products. — As a structural 
material gypsum plaster is very light, is a good fire resistant, 
is inexpensive, and possesses a fair degree of compressive 
strength. Its general use is for structural members in 
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which lightness or fire-resisting qualities are of prime im- 
portance. Gypsum plasters are widely used for wall finish. 
Gypsum blocks are used for building curtain walls in build- 
ings (curtain walls are those carrying no load from floors 
above them), for roof slabs, and for fireproofing around 
columns. Typical forms of gypsum blocks and tile are 
shown in Fig. 55. Structural gypsum weighs not more 
than 80 lb. per cubic foot. The lightness of gypsum makes 
it possible for workmen to handle large-sized blocks, which 
makes the work of wall-building or of roof-laying quicker. 
For roof slabs and floor slabs a mixture of gypsum and 
wood fiber reinforced with steel wire is used. Gypsum 
mortar is used for the binding of gypsum fireproofing, and 
for hard waU finish. 

Gypsum as a Fireproofing Material. — Gypsum makes 
a good fireproofing material for steel structures. The 
strength of gypsum is destroyed by long-continued heat 
when the water of crystallization is finally driven ofif, but 
a great deal of heat is required to evaporate the water of 
crystallization, and as the evaporation proceeds the gyp- 
sum does not crack or spall, but its surface is converted 
into an anhydrous powder which acts as an excellent heat 
insulator, retarding the further evaporation of water of 
crystallization of the inside layers of gypsum. Gypsum 
blocks are used for fireproofing in much the same manner 
as is shown in Fig. 54 for terra-cotta blocks. 

Strength of Structural Gypsum. — The ultimate compress- 
ive strength of test cylinders of gypsum has been found to 
vary all the way from 70 lb. per square inch up to 3,000 lb. 
per square inch depending upon the amount of water used 
in mixing the gypsum paste, the completeness of drying 
out of water after the gypsum paste had set, the amount 
of foreign ingredients mixed with the gypsum to retard its 
rate of setting, and the temperature used in calcining the 
gypsum rock. For highest strength the least possible 
amount of water should be used in mixing the gypsum paste. 
From 33 to 38 per cent, of water is necessary to make gyp- 
sum paste sufiiciently plastic to fill molds properly, and 
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this percentage of water is more than sufficient to hydrate 
the gypsum. For gypsum from the same source of raw 
material uniformity of consistency of gypsum paste insures 
a good degree of uniformity of strength. 

With care in mixing and drjdng out, gypsum can be pro- 
duced regularly with a compressive strength of 1,400 lb. 
per square inch. However, when practicable, tests should 
be made to determine the strength of any lot of gypsum 
blocks or other structural members. 

Gypsum gains its full strength in a few hours if carefully 
kiln-dried, and air-cured gypsum gains strength so rapidly 
that forms may be removed the day after the gypsum is 
poured. Gypsum is weakened by prolonged exposure to 
water, and should not be used where it will be kept asoak 
for considerable periods of time. 

The modulus of elasticity for structural gypsum is about 
1,000,000 lb. per square inch. The stress-strain diagram 
for gypsum is very nearly a straight line up to the ultimate. 

Lime.— The basis of the cementing action of lime mortar, 
natural cement, and Portland cement is the absorption of 
water and subsequent hardening of calcium oxide or cal- 
cium hydroxide. Calcium oxide (CaO) is known as 
quicklime. It is prepared by heating limestone which is 
mainly calcium carbonate (CaCOs). Under the influence 
of heat carbon dioxide is driven off leaving calcium oxide or 
quickUme. The heating or ''burning'' of lime is carried 
on in a brick-lined stack known as a lime kiln. Fuel, 
usually bituminous coal, is burned on grates at the side of 
the stack; limestone is fed into the top, the hot gases pass 
through the Umestone, and the quicklime which is produced 
is removed at the bottom. In another type of kiln alter- 
nate layers of limestone and coal are fed into the top of the 
stack. Quicklime must not be left exposed to the air. If 
it is so exposed it absorbs carbon dioxide and is then trans- 
formed to powdered calcium carbonate (air-slacked lime) 
and is useless for cementing purposes. 

Hydrated Lime. — If quicklime is mixed with about one- 
third its weight of water it is changed from calcium oxide 
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to calcium hydroxide (Ca(0H)2). This change is accom- 
panied by the evolution of considerable heat and by a very 
great increase in volume. The product is a fine white 
powder, which when mixed with more water absorbs water 
of crystalHzation and hardens. If it is attempted to use 
lime as a mortar unmixed with other substances, the great 
shrinkage which takes place while the hardening process 
goes on causes wide cracks in the hardened mass. A mix- 
ture of 1 part lime and 2 parts sand is commonly used to 
make lime mortar. 

Two methods of making lime mortar are in use : in one, 
quicklime is brought to the place where mortar is to be 
used, and is mixed with water, or "slaked'' on the job by 
the workman; in the other method the quicklime is slaked 
at the kiln under expert supervision, and the amount of 
water necessary for complete slaking, carefully computed, 
is added. The slaked lime is ground fine, screened through 
a fine sieve, and packed in bags. On the job this hy- 
drated lime is mixed with sand and water to form 
mortar. 

Lime mortar will not harden under water nor in any place 
unless air has free access to it. Its principal uses are for 
the binding material for brick masonry and stone masonry, 
and for plastering interior walls. 

Natural Cement. — During the construction of the Eddy- 
stone lighthouse in England the engineer in charge, John 
Smeaton, discovered that by burning a limestone contain- 
ing some clay there was produced a lime which would 
harden under water. This product known as ''hydrauUc'' 
lime is still widely used in Europe. In America there have 
been discovered large deposits of argillaceous (clay-bearing) 
limestone which, when heated to about 2,000°F. give off 
carbon dioxide, leaving a clinker. This clinker is known as 
''natural'' cement. It will not slake in air, and when 
mixed with water it hardens either in air or under water. 
Natural cement varies greatly in quality depending on the 
clay content of the limestone deposit. It is cheap, and is 
used to a limited extent for mortar for masonry and for 
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concrete work where strength is not a prime requisite. 
Its use is decreasing in this country; Portland cement is 
now generally used rather than natural cement. 

Selected References for Further Study 

Mills: "The Materials of Construction," New York, 1915, Chaps. I- VI 

inclusive. 
Eckel: "Cements, limes, and Plasters," New York, 1905. 



CHAPTER XVII 
PORTLAND CEMENT AND CONCRETE 

Portland Cement. — To the engineer the most important 
of the cementing materials is Portland cement. This is an 
artificial mixtm^e of Kme-bearing material with • clayey 
material. The mixture is burned to a clinker at a tempera- 
ture of incipient fusion and afterward ground to a fine 
powder. Portland cement does not deteriorate to any 
appreciable extent in dry air, it hardens in air or under 
water, and in hardening Portland-cement mortar shrinks 
much less than do other kinds of mortar. 

Raw Materials for Portland Cement. — The lime-bear- 
ing material used for Portland-cement manufacture is some 
form of calcium carbonate (CaCOs); limestone, marl, or 
chalk are the materials commonly used. The clayey ma- 
terials include clay, shale, and blast-furnace slag (which con- 
tains some calcium carbonate also) . In the Lehigh Valley 
region Portland cement is produced from cement rock, which 
is a natural mixture of limestone and shale in nearly the right 
proportions for making Portland cement. In the Illinois 
River region there are found alternate layers of limestone 
and shale. In the Ohio region great beds of marl furnish 
the lime-bearing ingredient, and in the Dakota region chalk 
is used. Near the great pig-iron centers blast-furnace 
slag furnishes the clayey ingredient and some of the lime, 
and a very pure limestone is used to furnish the remainder 
of the hme-bearing ingredient. 

Manufacture of Portland Cement. — Fig. 56 shows in dia- 
gram the process of making Portland cement. The lime- 
bearing ingredient and the clayey ingredient for making 
Portland cement are first crushed to pebble size (unless the 
raw material is found in a finely divided form). After the 
crushing the material is dried in horizontal rotary driers. 

139 
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The ingredients are then ground finer in rotating cylinders 
containing steel balls, which axe known as "ball mills," 




and then are mixed in the proper proportion, which is deter- 
mined by chemical analysis. After the mixing a third 
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grinding takes place. This is carried on in a rotating tube 
mill filled with flint pebbles, and the material is reduced to 
a fine powder. The fine powder is then carried to hoppers 
from which it is fed into rotary kilns about 120 ft. long. 
These kilns make about one revolution per minute, and are 
heated by a burning blast of powdered coal. They are 
slightly inclined, and the material which is fed gradually 
travels from one end of the kiln to the other, and is heated 
to incipient fusion at a temperature of about 2,700°F. At 
the discharge end of the kiln the clay and lime have been 
burned to a hard lumpy clinker. This clinker is carried to 
storage bins where it is cured for about 10 days, after which 
it is crushed in a rock crusher and then ground into small 
pieces, in some form of coarse-grinding mill ('' preliminary 
mills" in Fig. 56). At this stage of the process a carefully 
calculated amount of gypsum is added to retard the rapidity 
of setting of the finished product. The final step in the 
production of Portland cement is the grinding of the ingre- 
dients in tube mills to a very fine powder. 

The above process of Portland-cement manufacture is 
the one most commonly used in this country, and is known 
as the dry process. When marl is used as the lime-bearing 
ingredient the clay and the marl are mixed wet, and the 
ingredients are pumped into the kiln, drying of the wet 
mixture taking place in the first part of the progress through 
the kiln. This process is known as the wet process. 

Portland cement is usually packed for shipment in cloth 
bags, each containing 1 cu. ft. of cement, which weighs 
about 94 lb. Four bags of cement are equivalent to 1 bbl. 

Portland-cement Concrete. — Portland cement unmixed 
with other solid material is never used in actual construc- 
tion. The cost of such construction would be prohibitive, 
and walls and piers made of Portland cement alone would 
show a tendency to crack badly. In actual construction 
Portland cement is mixed with water and some non-cement- 
ing material, such as sand, gravel, crushed stone, cinders, 
or some combination of these substances. A mixture of 
sand, cement, and water is known as mortar. The non- 
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cementing, or inert, materials mixed with cement and water 
make Portland-cement concrete, or, as it is commonly called, 
concrete. The inert materials are known as the aggregate, 
and concrete is frequently given a special name from the 
kind of aggregate used; thus we have cinder concrete, 
crushed-rock concrete, gravel concrete, and cyclopean 
concrete (concrete in which part of. the aggregate consists 
of pieces of uncrushed rock, sometimes several feet in 
diameter) . 

Proportioning Aggregate and Cement for Concrete. — 
Generally speaking, for maximum strength, maximum 
resistance to passage of water, and maximum resistance to 
disintegration by such agencies ^s acids, alkaUs, or electro- 
lytic action concrete should be of maximum density. In 
any mass of broken stone or gravel there are spaces be- 
tween the individual pieces. These spaces are known as 
voids. There are also voids between the grains of a pile 
of sand. In dense concrete all the voids are filled and 
the individual particles are thoroughly coated with cement 
paste. With different aggregates there is a wide variation 
in the amount of cement paste required to fill all the voids 
and coat all the individual particles. In general, the 
smaller the proportion of voids in the aggregate the denser 
and stronger the concrete made with a given ratio of cement 
to aggregate. An aggregate containing a wide assortment 
of sizes of individual particles is known as a well-graded 
aggregate, and, in general, makes stronger concrete, for 
a given proportion of cement than does an aggregate in 
which the coarse particles (stone) and the fine particles 
(sand) are uniform in size. 

It is rarely that the sand and gravel as found in banks 
and gravel pits have such proportions of fine particles to 
coarse particles as will make the best grade of concrete, 
and on important construction work it is usually good 
practice to make up an artificial mixture of sand and stone, 
or gravel, which shall be well-graded. For a more complete 
discussion of methods used in proportioning the aggregate for 
concrete see the list of references at the end of the chapter. 
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The quality of the aggregate used in making concrete is 
of very great importance. There is as much likeUhood 
of poor concrete resulting from poor aggregate as from poor 
cement. Where it can be done the aggregate to be used 
should be tested by making sample test pieces of concrete, 
using the aggregate and a good grade of cement, and com- 
paring the strength of these test pieces with that of other 
test pieces made up with cement from the same lot and 
aggregate known to be of good quality. 

For well-graded aggregate common proportions of aggre- 
gate and cement for concrete are : for very rich concrete for 
columns, or other structural members carrying unusually 
high compressive stress, 1 part cement, 43^ parts aggre- 
gate; for general use for beams, floor slabs and other stress- 
carrying structural members, 1 part cement, 6 parts aggre- 
gate; for ''lean'' concrete for massive work or filUng, 1 part 
cement, and 9 parts aggregate. All the above proportions 
are by volume.^ 

Plain Concrete and Reinforced Concrete. — Concrete is 
a brittle material and like nearly all other brittle materials 
is much stronger in compression than in tension. Its 
tensile strength is so low that it is usually neglected in 
making computations of the strength of concrete struc- 
tures. Concrete construction in which concrete alone is 
used is known as plain concrete. Plain concrete is used 
for massive construction work or for parts of structures 
carrying compressive load only : heavy foundations, massive 

1 A method of proportioning concrete which is used by many contractors 
consists in mixing definite proportions (by volume) of cement, fine aggregate 
(sand), and coarse aggregate (stone). For beams and floor slabs a mixture of 
1 part cement, 2 parts sand, and 4 parts stone is frequently used and is 
known as 1-2-4 concrete. l-lJ^-3 concrete is sometimes used for columns, 
and 1-3-6 concrete is a "lean " concrete. The method of porportioning con- 
crete to total aggregate given in the text above is that recommended by the 
Joint Committee on Concrete and Reinforced Concrete which was con- 
stituted by the joint action of the American Society of Civil Engineers, the 
American Society for Testing Materials, the American Railway Engineering 
Association, the Portland Cement Association, and the American Concrete 
Institute, and this Joint Committee method is believed to be the best method 
of specifying the proportions of concrete. 
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dams, piers, heavy walls, massive arches, and sidewalks 
and narrow pavements furnish examples of plain concrete 
construction. 

In concrete structural members in which there exists 
tensile stress the strength to resist such stress is furnished 
by embedding steel rods in the concrete. Such concrete 
construction is known as reinforced concrete. Some of the 
principal examples of the uses of reinforced concrete are: 
beams, columns, floor slabs, roofs, bridges, culverts, chim- 
neys, light arches, and retaining walls. Reinforcing steel 
is also used in concrete structures such as wide pavements 
in which stresses due to temperature changes would cause 
injurious cracks in plain concrete. The somewhat com- 
plex mechanics of reinforced-concrete structures will not 
be taken up in this book. 

Undesirable Ingredients in Concrete Aggregate. — Clay, 
silt, and loam, are, in general, undesirable ingredients in 
concrete aggregate, and if sand, gravel, or stone containing 
any considerable amount of these ingredients is to be used, 
such ingredients should be removed by washing the aggre- 
gate before it is mixed with cement. Mica is an injurious 
ingredient in sand used for concrete, and if possible sand 
free from mica should be used. If it is necessary on ac- 
count of local conditions to use aggregate containing un- 
desirable ingredients, or to use poorly graded aggregate 
the concrete should be made richer in cement than would 
be necessary for clean, well-graded aggregate. 

The quality and amount of water used in mixing con- 
crete is of great importance. The water should be free 
from oil, acid, alkali, and organic matter. Good results 
will be obtained when the amount of water used will give 
the concrete such a consistency that it will flow sluggishly 
into the molds. Concrete made too wet is low in density 
and strength, and recent tests by D. A. Abrams show a 
very rapid falling off of strength for concrete as excess 
of water is used, and there is danger of separation of the 
mortar paste from the coarse aggregate while the concrete 
is being conveyed to the molds. Concrete made too dry 
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will not fill all corners of the molds, and will not flow 
around the reinforcing rods as thoroughly as wiU concrete 
of the proper consistency. For any given mixture the 
proper proportion of water should be determined by trial, 
and the water used should be measured out. 

Mixing Concrete. — Mixing the ingredients for concrete 
may be done either by hand or in a power-driven mixer. 
Hand-mixing is used only on small jobs. In hand-mixing 
5 or 6 cu. ft. of dry aggregate are spread out into a long 
ridge on the surface of a water-tight platform, the cement 
is spread out on top of this ridge, and the whole mass turned 
over and over with shovels until it is of a uniform color. 
The top of the ridge is then hollowed to form a long crater, 
water is poured into this crater, and the mass again turned 
over and over with shovels until it is of a uniform consist- 
ency. The mass should be turned over not less than six 
times after the water has been added. 

Concrete mixers are of two types, continuous mixers and 
haich mixers. In continuous mixers the aggregate, the 
cement, and the water are fed into one end of a trough and 
forced along the trough to the other end by means of rotat- 
ing screw-paddles which mix the ingredients as they move 
along the trough. The proportioning of cement and aggre- 
gate is determined by the rate of supply of each. Con- 
tinuous mixers can be operated cheaply and rapidly, but 
rarely give a uniform product. 

In a batch mixer definite amounts of aggregate, cement, 
and water are placed inside a revolving drum, which is usu- 
.ally fitted with blades projecting inward. As the drum 
revolves the ingredients are carried part way round and 
dropped back to the bottom of the drum. A thorough 
mixture is thus effected. A batch mixer should be run for 
at least 13^ to 2 min. before the concrete is discharged.^ 
Batch mixers properly handled produce the most uniform 
mixture of concrete known. Fig. 57 shows the general ap- 
pearance of a batch mixer. 

^ Probably mixing for a longer time would materially improve the quality 
of concrete produced. 

10 
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A considerable amount of water is required for the 
proper hydration of the cement, which goes on for several 
days after the concrete has become hard. It should be 
borne in mind "that thin sheets of, concrete, if exposed to 
the air, dry out so rapidly that some of the water necessary 
for the complete hydration of the cement may be evapor- 
ated. The result of too rapid drying out of concrete is the 
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failure of the concrete to gain strength normally with the 
lapse of time, moreover shrinkage stre^es are set up which 
may cause serious cracks in the surface. Sidewalks, pave- 
ments, floors and thin walls of concrete after hardening 
should be frequently wet down for several days, or should 
be covered with water, or water-soaked burlap, or sawdust, 
or moist earth. 

Molds for Concrete. — The units which make up a con- 
crete structure, beams, columns, and the like, are sometimes 
cast separately, and afterward fitted together to form the 
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structure. This is the unit system of casting. In the unit 
system of casting concrete it is frequently feasible to use 
metal forms and by their use to produce members of fine 
surface finish and very uniform in size. In structures 




made up of separately cast units the strength of the joints 
between members must be carefully considered. 

Concrete blocks for building walls, concrete drain tile, 
and concrete sewer pipe are made in metal molds. Such 
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concrete units are frequently made of very dry concrete, 
which, by thorough tamping or pressing, is given sufficient 
rigidity so that it can be removed from the mold in a few 
minutes after tamping. The molded block or pipe unit is 
transferred to a room where it is exposed to steam or to 
water-saturated air for a few days, after which it has gained 
sufficient strength to be used. Concrete blocks are usually 
made hollow, and are of a great variety of shapes and sizes. 

When a concrete structure is made, not of separate units, 
but of one mass of concrete it is said to be monolithic (liter- 
ally '^ single stone '')• In monolithic concrete construction 
forms, usually of wood, are set up for a considerable section 
of the complete structure, and the concrete is mixed and 
poured into these forms. After a perioci of 10 days or 2 
weeks (a longer period may be necessary in cold weather) 
the forms are removed leaving the concrete structure in 
place. Frequently in constructing concrete buildings the 
forms are set up for a story at a time. Fig. 58 shows a 
building being constructed one story at a time by the mono- 
lithic system. For the lower seven stories the concrete has 
hardened sufficiently to allow the removal of the forms, in 
the eighth story are seen the timbers supporting the floor 
of the ninth story, in the ninth story the concrete has been 
poured but has not hardened sufficiently to allow the re- 
moval of the forms, on the roof, concrete is being poured. 
The removal of forms from a monolithic concrete structure 
should be done very carefully. Many serious accidents 
have been caused by the premature removal of forms. 
Before removal of the forms an examination of the surface of 
portions of the concrete should be made to make sure that it 
has attained a good degree of hardness, then supports and 
forms should be removed over a small area only, while care- 
ful watch should be kept for signs of undue settlement or de- 
flection of the concrete as its support is removed. If no signs 
of failure are observed more forms may be removed. 

Strength of Concrete. — Concrete is a brittle material 
and like all brittle materials is stronger in compression 
than in tension with a strength in shear intermediate 
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between the tensile strength and the compressive strength. 
The tensile strength of concrete is so low that it is not 
considered in the design of reinforced-concrete structures. 
The shearing strength of concrete is of importance because 
ess is set up in the concrete near the supports 
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of reinforced-concrete beams and around columns in flat 
slab floors. The strength of the bond which exists in rein- 
forced concrete between the concrete and the steel is of 
great importance. 

For concrete made of good materials under normal 
temperature conditions two very important factors in 
determining its compressive strength are: (1) age, and (2) 
richness of the concrete in cement. Well made concrete 
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tends to grow stronger with the passage of time, but the 
rate of increase of strength diminishes rapidly after a few 
days. Fig. 59 shows the change of strength with time for 
several mixtures of concrete. The test specimens were 
made under laboratory conditions and . stored in damp 
sand. From the diagrams it may be seen that concrete 1 
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From BvXUiin 71, "Eng. Expt. Station, Univ. of Illinois by D. A. Alrams. 
FiQ. 60. — strength of bond between concrete and steel. 

year old is about 2.5 times as strong as concrete 1 month 
old and is about twice as strong as concrete 2 months old. 
Under ordinary conditions concrete can not be counted on 
to gain much strength after a year. 

Fig. 59 also shows the general effect of the proportion 
of cement upon the strength of concrete. Table 7, Chap. 
XX, is from the report of the Joint Committee on Con- 
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Crete and Reinforced Concrete and gives values which may 
be obtained for concrete 1 month old when made with good 
workmanship and good materials. For concrete which is 
to be subjected to direct compression the simplest and 
cheapest way to add strength is in nearly all cases to increase 
the proportion of cement in the mixture. Table 8, Chap. 
XX, gives the average results of a large number of tests 
made at the University of Illinois on the strength of con- 
crete in shear. The average strength in shear is slightly 
greater than one-half of the compressive strength for rich 
concrete and a somewhat greater proportion of the com- 
pressive strength of lean concrete. 

Results of tests of strength of the bond between concrete 
and steel rods are given in Fig. 60 which is plotted from 
tests made by D. A. Abrams at the University of Illinois. 
The values given are the loads per square inch of embedded 
surface of rod which cause marked slip between plain round 
steel rods and various mixtures of concrete. There are 
on the market various forms of special reinforcing bars for 
reinforced concrete which are rolled with projections which 
are for the purpose of giving the bars a positive anchorage 
in the concrete. The tests of Abrams show that the effect- 
iveness of such anchorage lies in its holding power after 
some slip has taken place rather than in any tendency to 
prevent slip altogether. The following quotation from 
Abrams' published results gives the requirements for a 
well-designed special reinforced rod, or ^^ deformed bar" 
as it is sometimes called. 

*^In a deformed bar of good design the projections should present 
bearing faces as nearly as possible at right angles to the axis 
of the bar. The areas of the projections should be such as to 
preserve the proper ratio between the bearing stress against the 
concrete ahead of the projections and the shearing stress over the 
surrounding envelope of concrete. Failure by shearing of the concrete 
should be avoided. The tests indicate that the areas of the projec- 
tions measured at right angles to the axis of the bar should not be 
less than, say, 20 per cent, of the superficial area of the bar. A closer 
spacing of the projections than is used in commercial deformed bars 
would be of advantage. Advocates of the deformed bar would do 
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well to recognize the fact that in a deformed bar which may be 
expected to develop a high bond resistance^ a certain amount of metal 
must be used in the projections which probably will not be available 
for taking tensile stress." 

Working Stresses in Concrete. — The following statement 
of allowable working stresses follows the values recom- 
mended in the report of the Joint Committee on Concrete 
and Reinforced Concrete. 

Allowable axial unit stress in compression on concrete 
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From BuUctin 81, Eng. Expt. Station, Unit, of Illinois by A, B. McDaniel, 
Fig. 61. — Effect of temperature on the strength of concrete. 

piers and short columns, 22.5 per cent, of the ultimate 
compressive strength of the concrete. 

Allowable unit stress in the extreme compression fibers 
of beams, 32.5. per cent, of the ultimate compressive 
strength of the concrete (adjacent to the supports of con- 
tinuous beams this value may be increased to 37.5 per 
cent.). 

Allowable unit stress in bond between concrete and steel 
reinforcing rods; for plain bars, 4 per cent, of the ultimate 
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compressive strength of the concrete; for drawn wire, 2 
per cent, of the ultimate compressive strength of the 
concrete; for the best types of ''deformed'' bars, 5 per cent, 
of the ultimate compressive strength of the concrete. 

Effect of Low Temperature on Newly Made Concrete. — 
Concrete subjected to low temperatures while being poured, 
or within a few days after being poured is greatly reduced 
in strength. The hydration of the cement, with conse- 
quent hardening of the concrete, is retarded, and if actual 
freezing of the concrete takes place the strength may be 
permanently impaired. Fig. 61 giving average results 
of tests by A. B. McDaniel at the University of Illinois 
shows the general effect of low temperature on the strength 
of various mixtures of concrete. When it is necessary to 
lay concrete in cold weather the bad effects of low tempera- 
ture of the surrounding air may be minimized by heating 
the stone, the sand, and the water used, and by covering 
the concrete as soon as it is laid with burlap, straw, sawdust, 
or manure.^ 

Disintegration of Concrete, Waterproofing. — A few struc- 
tures of concrete have disintegrated under the action of 
sea water, of alkali water, of frost, or under the action of 
electrolysis from stray electric currents from street rail- 
way or electric lighting systems. In such cases the dis- 
integrating action seems to be due mainly to the porosity 
of the concrete, and the presence of free moisture in the 
concrete. Structures in which dense concrete was used 
have rarely been affected by the above agencies. The 
simplest way to insure a concrete which will resist disinte- 
gration is to use a high proportion of cement or to use 
carefully graded aggregates. A dense concrete resists the 
percolation of water through it. A 1-6 concrete made 
with well-graded aggregate is nearly waterproof. Various 
waterproofing compounds to be mixed with concrete mate- 

* The addition of salt to the mixing water lowers the freezing temperature 
of concrete, but increases the danger of disintegration, especially if there is 
danger of electrolysis by stray electric currents. The use of salt to prevent 
freezing is not to be recommended. 
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rial, and waterproofing coatings to be spread on concrete 
are on the market. Some of these are effective, but in 
many cases the use of a rich, dense concrete will render the 
structure practically waterproof, and resistant to disin- 
tegrating influences. 

Use of Concrete for Fireproofing. — Concrete makes ex- 
cellent fireproofing material for steel colunms and girders. 
Under the action of heat the surface of the concrete is de- 
hydrated, and the evaporation of water keeps down the 
temperature attained. The dehydrated surface of the 
concrete is rendered weak and porous by the heat, but the 
injury rarely extends over an inch or two into the concrete. 
The dehydrated surface is an excellent heat insulator, and 
affords increased protection to the inner layers of concrete. 
Two inches of concrete is generally considered sufficient 
thickness of fireproofing for steel work. One marked ad- 
vantage which concrete possesses as a fireproofing material 
for steel lies in the fact that its coefficient of expansion is 
very nearly the same as that of steel, so that there is less 
danger of spaUing off under heat for concrete fireproofing 
than there is for fireproofing materials whose coefficients of 
expansion differ widely from that of steel. 

Selected References for Further Study 

Taylor and Thompson: "Concrete, Plain and Reinforced," New York, 
1916. A standard treatise by two American engineers. 

TuRNEAURB AND Maurer: "Principles of Reinforced Concrete Construc- 
tion, New York, 1909. A mathematical treatment of the mechanics of 
reinforced concrete. 

Hool: "Principles of Reinforced Concrete Construction" (three volumes), 
New York, 1916. 

Talbot: Bulletins on Concrete and Reinforced Concrete, University of 
Illinois Engineering Experiment Station, Bulletins 1, 4, 8, 10, 12, 14, 20, 
22, 28, 29, 56, 64, 67, 84. 

Abramb: Tests of Bond between Concrete and Steel, University of Illinois 
Engineering Experiment Station BuUetin 71. 

MgDaniel: Influence of Temperature on the Strength of Concrete, Uni- 
versity of Illinois Engineering Experiment Station Bulletin 81. 

Report of Joint Committee on Concrete and Reinforced Concrete, Proceed^ 
inga of the American Society of Civil Engineers, December, 1916. 
Proceedings of the American Society for Testing Materials, Vol. XVII, 
Part II (1917). 



CHAPTER XVIII :] 

TESTING, INSPECTION AND SPECIFICATIONS FOR 

MATERIALS 

Growing Importance of Testing. — In the earlier days of 
the steel industry — or of any of the industries for the pro- 
duction of materials of construction — the consumer in de- 
ciding from whom to buy his material depended mainly on 
the reputation of the producer. Some well-known ' ' brand ' ' 
of steel or cement was purchased in order to insure good 
material. As the industries developed and the products of 
manufacturers become standardized, it became necessary 
to establish standards of quality for materials, and to devise 
tests which should determine the acceptability or non-ac- 
ceptabihty of any shipment of material. The significance 
of the trade-mark decreased, while that of the testing 
laboratory report increased. Today the systematic test- 
ing of quality has become a recognized part — small, but 
important — of the system of manufacturing and marketing 
of the materials used for machines and structures. 

The use of testing as a basis for acceptance of shipments 
of materials is very common today, and is becoming more 
and more common every year. The use of test results as a 
criterion for acceptability renders possible the use of a 
selected quality of certain kinds of material, which, unless 
submitted to test would not be trustworthy for structural 
use. An illustration of this is furnished by the use of rein- 
forcing rods for concrete which are made from re-rolled 
rails. Some shipments of such re-rolled rods are not of 
good quality, and unless samples from a shipment are 
tested, it is not safe to use such re-rolled material. If 
samples from a shipment are tested and the test results show 
strong, non-brittle material, it is safe to use such material. 

155 
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In general, tests furnish a better criterion of quality of 
material than is afforded by the general reputation of the 
manufacturer. 

The Testing Engineer. — As the practice of judging the 
acceptabiUty of shipments of materials from the results of 
tests becomes more and more the general rule, the work of 
the testing engineer who plans and conducts such tests be- 
comes of increasing importance. His service to the pubUc 
is no small service ; he safeguards buildings, bridges, ships, 
machines, and roads against danger of failure on account of 
poor material, he makes possible the use of new materials, 
and widens the field of use of well-known materials. The 
testing engineer should possess the highest integrity, and 
should have a clear understanding of the mechanics of mate- 
rials, and of the general properties of known materials. 
He must not only be proof against any outside influence 
tending to cause him to report dishonest results, but also 
against self-deception and prejudgment as to the out- 
come of tests. Having made tests carefully, he must 
possess the courage to stand by the results of the tests, 
whatever those results may be. He should exercise tact 
and sound judgment in interpreting the results of tests, and 
in order that he may do so, he should have a clear under- 
standing of both the content of and the reasons underlying 
the codes of standards for materials, and the methods of 
testing used. 

Definition of Terms. — Inspection of materials of construc- 
tion comprises the examination for surface defects, for cor- 
rectness of dimensions, for methods of manufacture, etc., 
and also the making of tests to see whether materials pos- 
sess the required qualities. Testing includes the making of 
standard tests to determine whether materials possess 
required quaUties, and also the making of special tests of 
materials to determine properties not thoroughly known. 
Tests of material comprise chemical analyses, tests of 
strength, hardness, toughness, and ductility, and micro- 
scopic examination. The statement of requirements as to 
correctness of dimension, surface finish, strength, chemical 
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ingredients, freedom from defects of structure, etc., forms 
the specification which samples taken from a shipment of 
that material must ''pass." 

Commercial Testing. — Commercial testing consists, in 
general, in making tests on selected samples from a ship- 
ment of material. It is evident that the proper selection 
of samples is of very great importance. The samples 
should be taken from various parts of the shipment, and 
all samples should be so marked as to make identification 
easy and certain. Carelessness or lack of thoroughness in 
sampling is one of the most serious sources of trouble in 
commercial testing. 

On the result of commercial tests depends the acceptance 
or rejection of large shipments of material, and the tests 
should be made with a high degree of precision. Commer- 
cial testing must also be rapid. The methods and appara- 
tus used should be of the simplest character consistent 
with accuracy of work. 

Chemical tests are very commonly used in commercial 
testing. In general, chemical tests are made to determine 
the presence of a sufficient amount of a desired ingredient 
{e.g., carbon in rail steel) or to determine the absence of a 
dangerous amount of an undesirable ingredient (e.g., sul- 
phuric acid in Portland cement or phosphorus in steel). 
A chemical analysis does not give complete information as 
to the nature and properties of a material. Two pieces of 
steel may show the same chemical composition, but in a 
testing machine may develop widely different strength. 

Microscopic examination of the structure of a material 
is used in connection with commercial tests of materials, 
especially of metals. Microscopic examination reveals the 
structure and the texture of the material, and sometimes 
may be used to detect the presence of flaws. Microscopic 
tests are used as auxiliary to tests of strength and chemical 
tests to furnish additional experimental evidence on the 
structure of the material, rather than as the main tests 
to determine acceptability or non-acceptability. 

Physical tests of samples are very commonly used to de- 
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termine the acceptability or non-acceptability of a ship- 
ment of material. The commonest strength test is a ten- 
sion test to destruction. Such tests are made in some form 
of testing machine. 
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Fig. 62, — Various forms of test specimens for tests of strength of materials. 



TKe properties of materials commonly determined by- 
tests of specimens in a testing machine are: (1) the yield 
point (in some cases the proportional limit), (2) the ulti- 
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mate strength, and (3) the elongation of the test specimen 
after rupture. For brittle materials the determination of 
the yield point is not made. Fig. 62 shows forms of test 
pieces in common use for strength tests of various materials. 
Fig 63 shows a testing machine of the general type most 
common in the Umted States Power is supphed through 




Fia. 63. — Diagram of surew-power teeting machine. 



belt-driven pulleys, or from a direct-connected motor, to a 
drive shaft. The power is transmitted through gearing to 
the main screws S. By means of the gearing and the screws 
a slow motion is given to the cross-head of the testing 
machine. The use of reducing gearing and screws greatly 
magnifies the force applied at the drive pullej^. As shown 
in Fig. 63, the machine is rigged for a tension test and the 
lower end of the specimen Sp is held in a socket, which is 
attached to the cross-head; the upper end of the specimen 
is held in a socket which is attached to the upper head of the 
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testing machine. As the cross-head moves downward, the 
specimen is put in tension, and a downward force is trans- 
mitted by the side struts T, to the weighing table of the 
machine. The weighing table rests on the knife edges of a 
pair of compound levers LJji which transmit the force 
(reduced) to the intermediate lever L2, which, in tiu-n, 
transmits the force (still fm-ther reduced) to the weighing 
beam which is kept in balance by moving the poise. It 
should be noted for this type of machine the position of the 
poise on the weighing beam gives the load on the specimen 
if the beam is in balance but not otherwise. When compres- 
sion tests or cross-bending tests are to be made, the speci- 
men is placed directly between the cross-head and the 
weighing table (see Fig. 62 for diagrams of arrangement of 
compression specimen and of cross-bending specimen). 

The type of machine shown in Fig. 63 is by far the com- 
monest type used in American testing laboratories. Other 
types are common in other countries. Frequently a hy- 
draulic press is used to furnish power rather than gearing 
and screws. 

Load tests, not to destruction, are occasionally used 
to determine the acceptability of car couplers and some 
other machine or structural elements and also for completed 
bridges, and for floors of buildings. In such service tests 
a load, called a proof load, is applied. This proof load is 
somewhat greater than the working load for the member or 
structure, and under such test load an examination is made 
to detect evidence of structural damage, such as undue 
deformation, flaking ofif of paint or scale, cracks, etc. 

Impact tests are made on car couplers, rails, and some 
other members used in railway service. For such tests a 
known weight is allowed to fall through a given height 
striking the sample piece to be tested. The acceptability 
of the shipment is judged by the amount of permanent dis- 
tortion, cracking, etc., developed by the blow. 

Specifications. — The codified statement of the require- 
ments for acceptabihty of a material of construction makes 
up a set of specifications for that material. Specifications 
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for materials are formulated by individual consumers, by 
associations of consumers, by joint conference between 
producers and consumers, and by technical societies. The 
standard specifications for materials adopted by the Ameri- 
can Society for Testing Materials furnish an excellent illus- 
tration of specifications systematically and carefully drawn 
up. Various committees of this society draw up specifica- 
tions for different kinds of materials — thus there is one 
committee for specifications for steel, one for cast iron, one 
for cement, one for road materials, and so on. On each of 
these committees are representatives of the manufacturers 
of the material, representatives of the consumers of the 
material, and, in some cases, representatives from indepen- 
dent testing laboratories. The specifications proposed by 
these various committees are confirmed or rejected by vote 
of the society. The accepted specifications are then pub- 
lished biennially in the ''Standards" of the society. The 
specifications of this society are very widely adopted as 
standard by users and manufacturers of materials. 

The content of a set of specifications may be divided 
into four subdivisions: (1) specifications relating to methods 
of manufacture to be used; (2) specifications relating to 
finish, form, and dimensions of the pieces of material in 
a shipment ; (3) specifications for the chemical and physical 
properties of the material; and (4) specifications for the 
methods of testing to be used in determining the chemical 
and physical properties. Illustrations of the first subdivi- 
sion are the specifications that structural steel for bridges 
shall be made by the open-hearth process, and that stay- 
bolt iron shall be made by the puddling process. The 
second subdivision is illustrated by the specifications for 
allowable variation between nominal and actual dimensions 
for dressed timber, by the specifications for classifying 
timber according to its straightness of grain and freedom 
from knots, and by the allowable variations from nominal 
thickness for steel plates. The third subdivision is illus- 
trated by the requirements for maximum allowable sulphur 

content, and for transverse strength of gray cast iron, by 
11 
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the maximum allowable phosphorus content and the 
strength reqidrements for steel, and by the maximum allow- 
able content of sulphur trioxide and the strength require- 
ments for Portland cement. The fourth subdivision is 
illustrated by the specifications for Portland cement in 
which the methods of testing to be followed are set forth 
in great detail. 

Specifications are never perfect. They are not drawn 
up for ideal material, but for material which it is possible 
to obtain at a reasonable cost under existing conditions of 
manufacture. From time to time it becomes necessary to 
change details of any standard set of specifications, and, 
in general, the requirements tend to become more and 
more exacting as the. methods of commercial production 
are improved. 

A general statement of the content of current standard 
specifications for materials of construction can not be made 
in this chapter on account of the great space which would 
be required even for a summary. In Table 9, Chap. XX, 
is given a tabular summary of some of the principal re- 
quirements for physical properties of iron and steel. The 
figures given in Table 9 are from the 1916 Standards of the 
American Society for Testing Materials. 

Selected References for Further Study 

*' Standards" of the American Society for Testing Materials, published bien- 
nially during the even-numbered years. Contains a large number of 
standard specifications for materials, and for standard methods of 
testing. 

Unwin: "The Testing of the Materials of Construction," London, 1910. An 
excellent treatise by a British engineer. 

Martens (translation by Henning): "Handbook of Testing Materials," 
New York, 1899. Somewhat out of date, but excellent in its discussion 
of fundamental principles. By the late Director of the Prussian Royal 
Materials Testing Laboratory. 

Dudley. The Enforcement of Specifications, Proceedings of the American 
Society for Testing Materials, Vol. VII, p. 19 (1907). 

Mead: "Contracts, Specifications, and Engineering Relations," New York, 
1916, especially Chaps. XIII and XIV. 



CHAPTER XIX 

THE RESISTANCE OF MATERIALS TO 
REPEATED STRESS 

Importance of Resistance to Repeated Stress. — The 

strength of materials is commonly determined by tests 
under a load gradually increasing from zero to the ultimate 
of the test specimen. In nearly all computations of stress 
and strain the basis of the computation is the action pro- 
duced by a steady load applied but once.* For more than 
half a century it has been recognized that under loads 
repeated many thousands of times the behavior of material 
might be quite different from the behavior under a single 
appUcation of load. The growing use of high-speed 
machinery has been especially influential in necessitating 
the consideration of the strength of material under repeated 
stress. 

In a general way the difference in the behavior of material 
under repeated loads and under a single load (or a load 
appUed but a few times) is shown by the tendency toward 
gradual breakdown of the material under repeated load. 
Under a single application of load the material of a struc- 
ture either withstands the load or it fails; under load re- 
peated many thousands of times the material may with- 
stand the load for awhile, and then fail by the gradual 
spread of cracks or other local injuries to the material. 
Under repeated load local strains which would be of no 
importance if but one loading were to be applied may form 
a nucleus for damage which gradually spreads until the 
whole member fails.' 

Loss of Energy during Application and Release of Load. 
— If stress is applied to any member of a machine or a 
structure and then is released, that member is said to have 
been carried through a cycle of stress. If the action of the 
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member were perfectly elastic the stress-strain diagram for 
such a cycle would be a straight line as shown at OA, Fig. 
64. If there is inelastic action the stress-strain diagram 
for the cycle of stress will not be a straight line, but will 
enclose a small area as shown at O'A', Fig. 64. The area 
enclosed within the stress-strain diagram for a cycle of 
stress represents energy lost, and this lost energy is called 
mechanical hysteresis. 

The minute amount of energy lost during a cycle of stress 

is, presumably, trans- 
formed into heat, and this 
heat is accompanied by 
microscopic wear on the 
small particles of the ma- 
terial as they slide over 
each other. If the cycle 
of stress is repeated a 
great many times the 
cumulative effects of this 
wearing action so weakens 
^ ^, „, X.J. r the material that small 

FiQ. 64. — stress-strain diagrams for one i i_ • 

cycle of stress. OA, No appreciable CraCKS bcgm to f Orm ; 

Snt '''*'''''• ^'^'' ''''^^'''' ^'*''''' these cracks spread and 

finally cause the material 
to rupture. The growth of microscopic cracks, or 
^'slip lines,'' in metals was very beautifully shown in 
1899 by Ewing and Rosenhain. Fig. 65 shows the devel- 
opment of these ''slip lines," as the microscopic flaiws were 
called by their discoverers, for a test piece of wrought iron 
subjected to repeated stress of considerable magnitude 
(well beyond the yield point). The first sUp lines appear 
between particles of metal within a crystal as these particles 
slide one on another; as further repetitions of stress occur 
larger cracks open between crystals and finally, <5ause 
rupture. 

The view of failure of metals under repeated stress for- 
merly common was that under repeated stress metal ''crys- 
tallized," and that failure took place at the junction of the 
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crystals formed. This view has been generally discarded 
by metallurgists; all metals are crystalline in structure un- 
der the first stress as well as after many stresses ; moreover, 
as shown by the experiments of Ewing and Rosenhain, the 
first evidences of failure are seen not at the junction of 
crystals, but within the crystals. The theory of the grad- 
ual development of microscopic cracks — the ''micro-flaw" 
theory — is generally held today rather than the "crystal- 
lization" theory. 

Mechanical Hsyteresis at Low Stresses. — If the elastic 
limit of a material as determined by ordinary static tests 
were smabsolute elastic limit, there would be no loss of energy 
and no wear during cycles of stress within this Umit and 
the material might be expected to withstand an infinite 
number of repetitions of stress without failure. For actual 
materials this is not true. The elastic Umit determined in 
static tests depends on the precision of the apparatus used 
in determining it; moreover, actual material is never per- 
fectly homogeneous, nor are the members of any actual 
machine or structure free from high local stresses at points 
of contact with other members. While these local stresses 
might not appreciably affect the static strength of the 
machine or structure, under repeated loads these high local 
stresses may start cracks which, spreading, may ultimately 
cause failure. Both in laboratory tests and in actual serv- 
ice {e.g.y torpedo-boat shafts) materials have failed under 
repeated stresses lower than the elastic limit as determined 
by static tests. 

Repeated Stress Tests. — There is at the present time no 
entirely satisfactory standard for measuring the resistance 
of materials to repeated stress. The standard most nearly 
satisfactory is found in the result of laboratory tests to 
failure of materials under repeated stress, supplemented 
by a study of the successes and failures of materials sub- 
jected to repeated stress in practice. The earliest and the 
most extensive series of repeated stress tests is the series 
made by Wohler for the Prussian Government from 1858 
to 1870. Many other investigators have made tests, none, 
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however, making tests so extensive as those of Wohler. 
Fig. 66 shows in diagram a common type of machine for 
testing materials by repeated stress. The specimen is in 
the form of a circular bar to which bending stress is applied 
by weights. The specimen is rotated by means of a pulley 
and the outer fibers are subjected to stress varying from 
tension to compression. The fiber stress is completely re- 
versed during each revolution. As shown each specimen 
is double, and each end is provided with a revolution coun- 
ter which automatically ceases to register when the speci- 
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Fig. 66. — Diagram of testing machine for repeated stress. 

men breaks. Other types of repeated stress testing ma- 
chine are in use, some repeating the stress on the specimen 
by the reciprocating action of a crank and connecting rod, 
others utilizing the varying inertia forces in a reciprocating 
weight, and still others utilizing the reversal of direction 
of centrifugal force which takes place in rotating unbal- 
anced masses. 

Fig. 67a shows the results of several typical series of tests 
on materials under repeated stress. In this figiu*e, plotted 
with unit stress as ordinates and number of repetitions to 
cause failure as abscissas, it is seen that the curves have a 
steep downward slope at the beginning, and become nearly 
horizontal for about 3,000,000 repetitions of stress. By 
earUer writers on mechanics of materials it was assumed 
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that the curves became so nearly horizontal after a few 
million repetitions that the corresponding unit stress might 
be assumed as the strength of the material under an in- 
finite number of repetitions of stress. The unit stress cor- 
responding to the ordinate of the curve after it had become 
horizontal was called the endurance limit of the material. 
In general, the endurance limit as thus found for a material 
is roughly proportional to the ultimate static strength, 
though there are exceptions to this rule. If material was 
subjected to repetition of stress varying from zero to a 




1000000 2000000 3000000 4000000=> 
Number of Repetitions of Stress (N) 
Necessary to Cause Failure 
(a) 



Number of Repetitions of Stress (N) 
Necessary to Cause Failure 

(b) 



Fig. 67. — Typical diagrams of results of repeated stress tests. Diagram (a) 
drawn to ordinary coordinates. Diagram (6) gives same test results as diagram 
(a) drawn to logarithmic coordinates. 



maximum the endurance limit, was found to be not far 
from one-half the ultimate strength. If the material was 
subjected to stress varying from a maximum in one direc- 
tion to an equal stress in the opposite direction (complete 
reversal of stress) the endurance limit was found to be from 
one-quarter to one-third the ultimate strength. Based on 
the researches of Weyrauch and Launhardt, the following 
ormula was proposed by J. B. Johnson: 



S. = 
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in which 

Se = the endurance limit for the material. 
Su = the (static) ultimate of the material. 
Q = the ratio of maximum stress to minimum stress 
during a cycle of stress (for stress varying from zero to a 
maximum, Q = ; for completely reversed stress, Q = — 1). 

The use of the endurance limit gives fairly reliable re- 
sults for members which will not have to withstand more 
than a few million repetitions of stress, but in view of the 
fact that the most extensive laboratory tests have been 
carried only to a few million repetitions, and that in service 
such members as shafts, car axles, and piston rods are fre- 
quently required to withstand several hundreds of millions 
of repetitions of stress before wearing out, it seems doubtful 
whether the endurance limit as determined above is entirely 
reliable for such members. 

In 1910 O. H. Basquin of Northwestern University 
pointed out that an examination of the results of numerous 
series of repeated stress tests indicated that for nearly all 
the range covered, the law of resistance to repeated stress 
might be expressed by the equation 

S = KN"^ (1) 

in which S = the maximum unit stress developed in the 

test piece. 
N = the number of repetitions of stress necessary 

to cause failure. 
K and m are constants depending on the material 
and somewhat on the manner of making the 
test. 

This is known as the exponential equation for repeated 
stress. Another form of expression for the above equation, 
frequently more convenient is 

log S = \ogK + m\ogN (2) 

If the logarithms of S and N are plotted, or if values 
of S and N are plotted on logarithmic cross-section paper 
equation (2) is represented by a straight line. Fig. 676 
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shows the results of the same series of tests as is given in 
Fig. 67a but in Fig. 676 the coordinates are logarithmic. 
For large values of N the exponential equation gives in 
many cases values of S smaller than the observed values, 
in other words the exponential hsrpothesis seems to err 
on the side of safety.^ 

In view of the fact that there have been very few re- 
peated stress tests made in which the number of repetitions 
of stress exceeded 5,000,000, that up to 1,000,000 repeti- 
tions of stress the exponential equation seems to follow test 
results fairly closely, and that for greater numbers of repe- 
titions the exponential equation seems to yield results on 
the safe side, it is recommended as [the best index we 
possess at present for the strength [of materials under 
repeated stress. 

^ A possible explanation of the increased endurance of materials under 
repetitions of low stress and consequent high values of iV is as follows: For 
high stresses the damage done per cycle of stress covers a considerable area of 
crossH9ection in the member and the progress of structural injury proceeds 
regularly. For low stresses little isolated areas are damaged, and the rapid- 
ity with which damage proceeds is a ''probability" function of the grouping 
of the damaged areas. It has been suggested in a paper presented by Moore 
and Seely before the American Society for Testing Materials that for iron 
and steel members of structures and machines whose failure would not 
endanger life the values of the stress found by the application of the exponen- 
tial hypothesis, equation (3) or equation (4), page 171, or equation (5), 
page 172 may be multiplied by a ''probability factor" greater than unity. 

/ - 20,000.000 \ 

1 + e^ N ) 

is suggested as a suitable probability factor, in which the constant e is 2.718 
the base of the hyperbolic system of logarithms. Values of this probability 
factor are given in the following table: 



N Number of repetitions of stress 


Probability factor 


1,000,000 


1.000 


10,000,000 


1.135 


20,000,000 


1.368 


50,000,000 


1.670 


100,000,000 


1.818 


500,000,000 


1.960 


Infinity 


2.000 

1 
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Effect of Range of Stress. — Wohler in his investigations 
of the effect of repeated stress discovered that the number 
of repetitions of stress necessary to cause rupture depended 
on the range of unit stress during each cycle. If the range 
of unit stress was from zero to 40,000 lb. per square inch 
fewer repetitions were necessary to cause rupture than if the 
range was from 20,000 lb. per square inch to 40,000 lb. 
per square inch (note that for each of the above cases the 
maximum stress is the same) . Various formulas have been 
proposed for the effect of range of stress on the resistance 
to repeated stress. From a study of the work of Wohler 
and the supplementary work of Bauschinger the effect of 
range of stress seems to be fairly well expressed by the 
following modification of equations (1) and (2): For the 

constan. K substitute the expression ^ in which B 

is a constant for any given material determined from re- 
peated stress tests and Q is the ratio of the minimum unit 
stress during a cycle to the maximimi. For a range of 
unit stress from zero to a maximum, Q is zero, for com- 
pletely reversed stress Q is — 1. In the case of a bridge 
chord, in which the unit stress due to live load is four 
times the unit stress due to dead load and is in the same 
direction, Q is +0.2. 

The exponential equations for repeated stress then 
become :^ 

s-Y^ir (3) 

or 

log S = log B - log (1 - Q) + m log N (4) 

Constants for the Exponential Equations for Repeated 
Stress. — As our experimental data for repeated stress tests 
are very few, values of constants for formulas should be 
regarded as tentative, and the stresses allowed in practice 
should be very low. The repeated stress test most often 
made is of a rotating shaft under a bending load; this test 

^ See footnote, page 170, for suggested modification of formulas for low 
stresses in structures whose failure does not involve danger to life. 
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causes complete reversal of bending stress. Fig. 66 shows, 
in diagram, a testing machine for reversed bending stress. 
The results of a large number of such tests for metals are 
fairly well expressed by the formula : 

5^-0.125 

or 

log /S = log B - log (1 - Q) - 0.125 log N (5) 

in which 5 is a constant for various metals which must 
be determined experimentally. Some values of B obtained 
from experiments are given in Table 10, Chap. XX. ^ 

For tests involving repetitions of direct tension or direct 
compression we have even less data than for reversed bend- 
ing tests. Such data as we have indicate that the value of m 
in equations (3) and (4) is numerically slightly larger than 
that given by repeated bending tests. However, from the 
scanty data available it would seem that for members of 
structures or machines subjected to repetition of direct 
tension or direct compression equation (5) with the constants 
given in Table 10 furnishes a fairly safe guide. 

In using the exponential equations for repeated stress 
it must always be borne in mind that under no considera- 
tion may the safe static stress be exceeded. The safe static 
stress is a criterion independent of the strength under re- 
peated stress. As an illustration suppose that N be taken 
as less than 100 for structural steel, and that Q be taken as 
0.1; the application of equation (5) would give a value of S 
higher than the ultimate static strength of the material. 
This would mean that for the conditions given static 
strength would govern rather than strength under repeated 
stress. 

Diagrams for the Exponential Equations fox Repeated 
Stress. — For solving the exponential equation (5), above, 

^ See footnote, page 170, for suggested modification of formulas for low 
stresses in structures whose failure does not involve danger to life. 
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the diagram shown in Fig. 68 may be used. The manner of 
using the diagram is as follows : 

Enter the diagram at the lower edge with the desired 
value of N as abscissa; pass vertically to the diagonal line 



stress (S) lb. per sq. in. 
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Fig. 68. — Diagram for solving the exponential equation for repeated stress. 

for the value of B for the given material (if the exact value 
of B for the material is not plotted the location of its line 
can be judged by interpolation with a sufficient degree of 
accuracy); then pass horizontally to the diagonal line for 
the value of Q corresponding to the given range of stress; 
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then vertically to the upper edge of the diagram where the 
value of S for failiu'e under repeated stress may be read 
from the scale. 

Wrought Iron versus Steel. — In general, the resistance 
of a material to repeated stress is high or low as its propor- 
tional limit is high or low, though there seem to be excep- 
tions to this rule. Wrought iron has a lower proportional 
limit than does structural steel, and the resistance to re- 
peated stress is, in general, less for wrought u-on than for 
steel. However, the uniformity and reliability of wrought 
iron make it superior to some of the cheaper grades of steel 
— for example steel which is marketed as "tank steel,'' for 
which there are no standard specifications, and which is 
very variable in quality. 

Effect of Rapidity of Repetition of Stress.— A certain 
amount of time is required for any member of a machine or 
structure to assume the deformation corresponding to any 
given load, and if repetitions of load follow each other at 
intervals shorter than this time the deformation in the mem- 
ber, the stress set up, and the number of repetitions it will 
withstand may be appreciably affected. A few recent 
British tests of material under repeated stress seem to indi- 
cate that for small members there is no appreciable effect 
produced by varjdng the rapidity of repetition of stress 
below about 2,000 repetitions per minute. 

Effect of Rest on Resistance to Repeated Stiress. — If 
metal is stressed beyond the yield point so that plastic action 
is set up, its strength and its elastic action are improved 
under subsequent stress, if the material is allowed to rest 
(see page 16j. Recent experiments by British investiga- 
tors seem to indicate that, for steel and iron at least, the 
effect of rest on the resistance to repeated stress is negligi- 
ble for unit stresses below the yield point of the material. 

Effect of Sudden Change of Outline of Member. — Every 
sharp corner in a piece subjected to repeated stress facili- 
tates the formation of micro-flaws in the piece. Results 
of repeated stress tests made by Stanton and Bairstow at 
the British National Physical Laboratory on test pieces of 
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different shape gave the following relative values for 
strength under repeated stress for the shapes tested : 

Rounded fillet 100 

Standard screw thread 70 

Sharp comer 50 

Fig. 69 shows the shapes tested : the importance of avoiding 
sharp corners where local stresses of great intensity are set 
up is very great for members subjected to repeated stress 
on account of the danger of minute cracks forming and 
spreading. 








] 



Rounded Fillet Standard Screw Thread Sharp Corner 

•00% 70% $0% 

(^I'ghi- rounding ofCornfrs) 

Fig. 69. — Effect of sharp corners on strength under repeated stress. 

Service Expected from Various Machine and Structural 
Parts.-^We do not know certainly whether any material 
can resist an infinite number of repetitions of any stress, 
however small. The safest view for an engineer to take 
seems to be that under repeated stress materials of construc- 
tion have a limited "life." The exponential law of resist- 
ance to repeated stress gives results in accordance with this 
view. If this view is held the number of repetitions which 
a member is required to withstand in normal service be- 
comes of importance. The following Ust gives the number 
of repetitions for various structural and machine members. 
The list is intended to be suggestive rather than to serve as 
an exact guide. 

The chord members of a railway bridge carrying 100 
trains per day for a period of 50 years would sustain about 
1,826,000 repetitions of str.ess. The stress would vary from 
the dead-load stress to a live-load stress averaging some- 
what below that caused by the passage of the heaviest 
locomotives. 
t A railroad rail over which 250,000,000 tons of traffic 
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passes would sustain something like 500,000 repetitions of 
locomotive-wheel loads, the stress being slightly more se- 
vere than a repetition from zero to a maximum. The rail 
would have to stand in addition to the locomotive-wheel 
loads somethings like 15,000,000 repetitions of stress caused 
by car- wheel loads. The stresses set up by car- wheel loads 
would be about half as great as the stresses set up by the 
locomotive-wheel loads. 

A mine-hoist rope bent over three sheave wheels and 
operating a hoist 100 times a day, in a term of service of 5 
years would sustain 550,000 repetitions of stress. If the 
sheave wheels are so placed that they reverse the direc- 
tion of the bending of the rope they would nearly cause a 
complete reversal of stress; if bending takes place in one 
direction only the range of stress is from nearly zero to a 
maximum. 

The piston rod and the connecting rod of a steam engine 
running at 300 r.p.m. for 10 hr. per day, 300 days per year 
for 10 years sustains 540,000,000 repetitions of stress, and 
the range of stress involves almost complete reversal. 

A band saw in hard service for 2 months sustains about 
10,000,000 repetitions of stress varying from nearly zero 
to a maximum. 

A Une shaft running at 250 r.p.m. for 10 hr. a day, 300 
days per year, sustains during a service of 20 years 900,000,- 
000 repetitions of bending stress due to force transmitted 
by belts, gears, and driving chains. The stress is com- 
pletely reversed. It should be noted that for the Une shaft 
the torsional stress is not repeated nearly so often as is the 
bending stress. 

The shaft of a horizontal steam turbine running at 3,000 
r.p.m. for 24 hr. per day, 365 days in a year during 10 years' 
service sustains 15,768,000,000 reversals of bending stress 
caused by the weight of rotating parts and the tangential 
force of the inrushing steam. 

It should be noted that other factors than breakdown of 
the material by repeated stress tend to cause parts of ma- 
chines and structures to have a limited ''life.'' Wear 
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caused by friction of rubbing parts is a very common cause 
limiting the '4ife" of a machine part. An illustration of 
this action is fiu'nished by railroad rails in which the head 
usually wears out under the action of car and locomotive 
wheels before the rail is in danger of failure by repeated 
stress. 

Working Stresses for Repeated Stress. — The foregoing 
discussion concerns itself with stresses which under re- 
peated appUcations cause failure. Evidently the working 
stresses allowed in actual structural or machine parts must 
be less than the stresses given by equation (5) or by the 
use of Fig. 68.^ A common method of determining work- 
ing stresses is to divide the stress which will cause failure by 
a so-called /actor of safety. (Chap. Ill gives a more ex- 
tended discussion of the determination of working stresses.) 
In choosing working stresses for members subjected to 
repeated stress it should be remembered that a small re- 
duction in stress very greatly increases the number of 
repetitions of stress which the material can withstand. For 
metals it seems from test results that a decrease of 9 per 
cent, in stress nearly doubles the "life'' of the material. 
Since the endurance of a material is so sensitive to changes 
in the magnitude of stress, it seems more logical for re- 
peated-stress problems to apply the ''factor of safety" 
used to the number of repetitions rather than to the stress, 
computing the probable stress at failure for a number of 
repetitions many times greater than the number which the 
member is expected to withstand in service. If the factor 
of safety is applied to N, then it should be very much larger 
than the factors commonly applied to stresses in static- 
stress problems. Our test data for repeated stress is very 
much less extensive than oiu* test data for static strength, 
and the test results show wide variation in N for small 
change in S; and while the equations given yield results a 
little lower than the average results of tests, yet for some 
few tests failure occurred at lower values of N than the 

^ Or by the use of equation (5) or of Fig. 68 modified by the "probability " 
factor given in the footnote, page 170. 

12 
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equations would indicate. To guard against this variation, 
and against the large variation in N which would be caused 
by slight variations in the stress actually applied to the 
material, a factor of safety of 100 would not seem too large, 
if applied to the number of repetitions of stress. 

In problems involving static strength it is customary to 
apply the factor of safety to the stress which will cause 
failure. If this practice is followed for repeated-stress pro- 
blems (remembering always that under any conditions the 
stress allowed must not be greater than the safe static 
working stress for the material) a factor of safety of 1.8 
would correspond to an increase of endurance of something 
over 100 times. 
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CHAPTER XX 

TABLES 

In this chapter are grouped the tables of values of 
strength of materials to which reference has been made in 
the precediiig pages. In using these tables it should always 
be borne in mind that the values given are average values, 
and that in many cases actual materials may show values 
quite different from those in the tables. No tables of 
values of strength of materials should be followed blindly. 
The uniformity of the material used should be considered 
as well as the average values for its strength. If possible, 
structures or machines should be studied in which the mate- 
rial has been successfully used. If no information can be 
obtained other than average values of strength such as is 
given in tables Uke those in this chapter the working stresses 
allowed should be conservative. 
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Table 1. — ^Working Stresses for Structural Materials 

The values given in this table are based on a comparison of the values 
given in the building ordinances of New York, Chicago, Philadelphia and 
Boston. 



Material 


Kind of stress 


Allowable stress, 
lb. per sq. in. 


Ordinary rubble masonry: i 

Portland-cement mortar j Compression (bearing) .... 

Lime mortar Compression (bearing) .... 


100 
60 


Coursed rubble masonry; 

Portland-cement mortar 


Compression (bearing) .... 
Compression (bearing) 


200 


Lime mortar 


120 






Squared masonry, Portland-cement mortar; 
Oranite 


Compression (bearing) .... 
Compression (bearing) .... 


600 


Limestone or sandstone 


400 






Portland-cement concrete: 

1 cement ; 6 aggregate, machine-mixed . . . 

1 cement; 6 aggregate, hand-mixed 

1 cement; 9 aggregate, machine-mixed 
1 cement; 9 aggregate, hand-mixed 


Compression (bearing) 

Compression (bearing) .... 
Compression (bearing) .... 
Compression (bearing) .... 


.400 ' 
350 
300 
250 


Brick masonry: 

Paving brick, Portland-cement mortar. . . 
Pressed brick, Portland-cement mortar. . . 
Common brick, lime mortar 


Compression (bearing) .... 
Compression (bearing) .... 

Compression (bearing) 

Compression (bearing) .... 


350 
250 
100 


Common brick, Portland-cement mortar. . 


175 


Wood: 

Yellow Dine 


Tension fibers in beams. . . 
Compression along grain. . 
Compression across grain . . 
Shear along grain 


1,100 


Yellow Dine 


1,000 


Yellow Dine 


250 


Yellow Dine 


100 






riouflflas fir , , - , t 


Tension fibers in beams . . . 
Compression along grain. . 
Compression across grain. . 
Shear along grain 


1,300 


Douelas fir 


1,100 


Douglas fir 


250 


Douglas fir 


115 






Norway pine, white pine, spruce 

Norway Dine, white Dine, soruce 


Tension fibers in beams . . . 
Compression along grain . . 
Compression across grain . 
Shear along grain 


900 
750 


Norway Dine, white nine. sDruce 


250 


Norway Dine, white Dine. SDruce 


60 






Hemlock 


Tension fibers in beams . . . 
Compression along grain . . 
Compression across grain . . 
Shear alonir firain . . . 


750 


Hemlock 


500 


Hemlock 


150 


Hemlock 


50 








Structural steel 


Tension 


16,000 


Structural steel 


Comnression 


15,000 
10,000 • 


Structural steel 


Shear 






Rivet steel 


Shear 


9,000 






Steel of rivets and pins 


Bearine 


25,000 
25.000 


Steel of rivets and pins 


Extreme stress in bending . 


Steel castings 


Tension 


16,000 
15,000 


Steel castings 


ComDression 






Wrought iron 


Tension 


12,000 

11,000 

6,000 


Wrought iron 


ComDression . 


Wrought iron 


Shear 






Cast iron .... 


Tension in beams 

ComDression ... 


3,000 

13,000 

3,000 


Cast iron 


Cast iron 


Shear 
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Table 6. — Strength in Compression op Brick Piers and op Terra- 
cotta Block Piers 

The values given are based on test data from Watertown Arsenal, Cornell 
University, U. S. Bureau of Standards (Pittsburgh Laboratory) and the 
University of Illinois. 



Brick or block 
uBed 


Mortar 


Ultimate in 

compression, 

lb. per sq. in. 


Vitrified brick 

Pressed (face) brick 
Pressed (face) brick 

Common brick 

Common brick 

Terra-cotta brick 


1 part Portland cement, 3 parts sand 

1 part Portland cement, 3 parts sand 

1 part lime, 3 parts sand 

1 part Portland cement, 3 parts sand 

1 part lime, 3 parts sand 

1 pa^;^ Portland cement, 3 parts sand 


2,800 
2,000 
1,400 
1,000 
700 
3,000 



Test data for piers built of sand-lime brick are lacking, but, judging, from test data for 
individual brick, sand-lime brick piers might be expected to be about three-quarters as 
strong as piers built of common brick. 

Table 7. — Strength op Portland Cement Concrete in Compression 

The values given are from the report of the Joint Committee on Concrete 
and Reinforced Concrete. They are based on data of test specimens in the 
form of cylinders 8 in. in diameter by 16 in. long, made and stored \mder 
laboratory conditions and tested when 28 days old. All values are in pounds 
per square inch. 



Aggregate 



Proportion of cement to aggregate 



1:3 




Granite, trap rock 

Gravel, hard limestone, hard sandstone 

Soft limestone, soft sandstone 

Cinders 



3,300 


2,800 


2,200 


1,800 


3,000 


2,500 2,000 


1,600 


2,200 


1,800 


1,500 


1,200 


800 


700 


600 


500 



1,400 

1,300 

1,000 

400 



Table 8. — Strength op Portland Cement Concrete in Shear 

The values given below summarize test results given in Bulletin No. 8 of 
the Engineering Experiment Station of the University of Illinois. All con- 
crete was made and stored under laboratory conditions and tested when 60 
days old. The aggregate used was torpedo bank sand and soft limestone. 



Proportion of cement to 


Ultimate lb. per sq. in. 


Ratio of strength in shear 


aggregate 


Shear 


Compression 


to strength in compression 


1:6 
1:9 


1,290 
1,090 


2,430 
1,290 


0.532 
0.842 
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Table 10. — Values op the Constant B in the Exponential Formula 

FOB Repeated Stress 



S 



BN -•"» 
i - 



or log iSf = log B - 0.125 log AT - log (1 - Q)* 



Material 




LogB 



Structural steel and soft machinery steel 

Wrought iron 

Steel 0.45 per cent, carbon 

Cold-rolled steel shafting 

Tempered spring steel 

• 
Hard-steel wire 

Gray cast iron 

Cast aluminum 

Hard-drawn copper 



250,000 
250,000 
350,000 
400,000 
400,000 
to 
[ 800,000 
600,000 
100,000 
80,000 
140,000 



5.39794 
5.39794 
5.54407 
5.60206 
5.60206 

5.90309 
5.77815 
5.00000 
4.90309 
5.14613 



* In the formula given S is the unit stress (lb. per sq. in.)i N is the number of repetitions of 
stress necessary to cause failure, and Q \a the ratio of the minimum stress applied to the 
maximum stress (for a stress varying from aero to a maximum, Q-= 0; for a completely 
reversed stress, Q« —1.0). 

This equation gives results for unit stress lowe** than that given in some tests in which N 
had a value greater than 1,000,000. The exponential formula seems to err somewhat on the 
side of safety for a large number of repetitions of stress. On page 170 in a footnote is 
given a suggested ** probability factor" which maybe used in connection with values of 
S obtained by the above equations. It is recommended that for structural parts or ma- 
chine members whose failure would endanger life that the exponential equation be used 
unmodified by any probability factor. 



Boiler tubes. . . 
Water and gas 
Engine bolts. . . 
Staybolts. 
Wrought-iron bi 
Wrought-iron pU 



Cast iron for pipes . . 

Cast iron for locomol 

Gray iron castings: 

Light 

Medium ■ , „ m 

Heavy I cett*- ®^° * 

Malleable cast iron . 

page 18«'' 



QUESTIONS 

Chapter I 

1. Give illustrations of parts of structures or machines for which strength 
is the prime requisite for the material used. 

2. Give illustrations of parts for which other properties than strength are 
of prime importance. 

3. Name the kind of stress set up in: (a) bolts holding a cylinder head in 
place, (6) the shell of a boiler under pressure, (c) the eyebars in a bridge 
truss, (d) the connecting rod of a single-acting gas engine, (e) the connecting 
rod of a steam engine. 

4. Give illustrations of parts of machines or structures in which stiffness 
is desirable; in which stiffness is not desirable. 

6. Give illustrations of parts of machines or structures which may be 
made of brittle material; which may not be made of brittle material. 

^ [ [ Chapter H 

1. Define strain, stress, unit strain, imit stress. 

2. In what units is each measured? 

3. A tension specimen 0.500 in. in diameter is placed in a testing machine 
and load applied with the following results. 

Load. lb. Stretch in 8 in., in. 

930 0.0012 

1,860 0.0025 

3,720 0.0050 

5,580 0.0075 

6,500 0.0088 

6,980 0.0096 

7,400 0.0110 

8,200 0.0200 

11,600 Maximum 

Determine the proportional limit, the yield point, the ultimate. 

4. Was the elastic limit determined in the above test? About what would 
be its value? 

6. What is the theoretical stress at the point of contact of one chain link 
with another? 

6. Give illustrations of parts of structures or machines which are likely 
to be subjected to accidental overload. 

7. Give illustrations of materials for which the yield point is the practical 
ultimate strength when used in machines or structures. 
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8. Give illustrations of materials in which the ultimate as determined in 
tests is the index of strength when the material is used in a machine or a 
structure. 

9. Explain why a spring in the draft rigging of a freight car lessens the 
injurious effect of the sudden pull which comes as the train is started. 

10. Under shock, bolts which have their shanks turned down to the diam- 
eter of the root of the threads give better service than do bolts with shanks 
the diameter of the outside of the thread; explain. 

11. Explain the increased strength given to steel by cold-rolling. 

12. Steam-turbine rotors sometimes give trouble by becoming loose on 
their shafts due to the elastic expansion caused by centrifugal force. Would 
this trouble be diminished by making the rotors of a stronger grade of steel? 
Explain. 

Chapter m 

1. Define working stress, factor of safety. 

2. Why must the working stress be less than the ultimate of the material? 

3. Should higher unit stresses be allowed in a wire rope for a mine hoist 
or in a wire rope for a one-story freight elevator? Why? 

4. Give illustrations of parts of structures or machines which are provided 
to give insurance against complete collapse rather than to carry stress under 
normal conditions. 

6. Do the building laws of the city or town where you live fix allowable 
stresses for any materials? 

5. How would you determine the allowable stress for steel in the axles of 
heavy trucks? 

7. Give your opinion of the suitability of the material used for railway 
and highway bridges in the city or town where you live. 

8. In your town or city is the construction of frame (wooden) buildings 
justifiable? Give reason for your answer. 

9. What different materials are used in: (o) a power-driven pimip, (6) a 
small gasolene engine, (c) a dump cart? Why is each material used? 

Chapter IV 

1. What are the principal chemical changes involved in reducing iron ore 
to pig iron? 

2. What, is the reducing agent used? 

3. What is a flux? Why is a flux necessary in reducing iron ore? What 
is the flux used in the process of reducing iron ore? 

4. Sketch in diagram a blast furnace, giving approximate dimensions, 
and names of principal parts. 

6. What is a hot-blast stove? Why used in connection with the blast 
furnace? 

5. Describe briefly the regenerative process used in connection with the 
blast furnace. 

7. Trace the air used in a blast furnace from the blowing engines to the 
final discharged gases. 

8. How much ore, fuel, and flux is necessary to produce 1 ton of pig iron? 
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9. How much air is blown through the furnace for every ton of pig iron 
produced? 

10. What is a casting machine? 

11. Tell how the products of a blast furnace other than pig iron are 
utilized. 

12. Locate the principal American iron ore deposits. 

13. Locate the principal American centers of production of pig iron. 

Chapter V 

1. Define wrought iron. 

2. State the essential changes involved in the process for producing 
wrought iron. 

3. Sketch in diagram a puddling furnace^ giving approximate dimensions. 

4. Describe briefly the process of producing wrought iron in a puddling 
furnace. 

6. What is the source of the oxygen required for purifying the pig iron? 

6. Why is the charge in a puddling furnace kept basic rather than acidl 

7. -What causes the "fibrous" structure of wrought iron? 

8. What is a muck ball? A muck bar? A merchant bar? 

9. What is charcoal iron? For what used? Why? 

10. Why is wrought iron sometimes adulterated with scrap steel? 

11. By what tests can wrought iron be distinguished from steel? 

Chapter VI 

1. Distinguish between steel and wrought iron. 

2. What are the principal chemical changes which take place in the open- 
hearth process of making steel? 

3. Sketch an open-hearth furnace in diagram, giving approximate dimen- 
sions and names of parts. 

4. Describe briefly the procedure of the open-hearth steel process. 

6. Distinguish between the acid process and the basic process in respect 
to : (a) raw material supplied to the furnace, (6) ingredients added during the 
process, (c) chemical changes taking place during the process, (d) ingre- 
dients in the finished product. 

5. Why are different linings necessary for acid and for basic open-hearth 
furnaces? 

7. How is the charge drawn from an ordinary open-hearth furnace? 

8. What is a tilting furnace? 

9. What is a charging machine? Why used? 

10. What is a recarburizer? Why is a recarburizer usually used for 
open-hearth steel? 

11. What are the functions of manganese in the recarburizer? 

12. How is it determined when to tap an open-hearth furnace? 

13. What fuel is used for the open-hearth furnace? 

14. What limits the refining action of the open-hearth furnace? 

Chapter VII 

1. What are the principal chemical changes involved in making Bessemer 
steel? 
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2. Sketch a Bessemer converter in diagram, giving approximate dimen- 
sions, and capacity per charge. 

8. Describe briefly the procedure of the Bessemer process. 
4. What recarburizers are used in the Bessemer process? 
6. Why is a recarburizer necessary? 

6. Why is the basic Bessemer process not used in the United States? 

7. Compare Bessemer and open-hearth steel as to cost, reliability, and 
uniformity. Give reasons for your statements. 

8. What is the duplex process of steel-making? Why used? 

Chapter Vm 

1. Describe briefly the cementation process of making steel. 

2. Which is the more expensive, cementation steel or open-hearth steel? 
Why? 

3. Describe briefly the crucible process of making steel. 

4. Which is more expensive, crucible steel or cementation steel? Why? 
6. Crucible steel or Bessemer steel? Why? 

6. Why do the cementation and the crucible processes of making steel give 
higher grades of steel than do the open-hearth and the Bessemer processes? 

7. What is case-hardening? 

8. Why does an electric furnace produce a higher grade of steel than an 
open-hearth furnace? 

9. Why is it not feasible to conduct the entire process of steel-making in an 
electric furnace? 

10. Sketch in diagram an arc-type electric furnace, an induction electric 
furnace. 

11. Why would it be feasible to use electric furnaces for reducing iron 
ore in Norway, when it is not feasible to use this process in Pennsylvania 
or Illinois? 

Chapter IX 

1. In what ways is a foundry cupola like a blast furnace? 

2. In what ways different? 

3. What is air furnace cast iron? 

4. Which is more expensive, cupola iron or air furnace iron? Why? 

6. What are the advantages of the air furnace over the cupola? 
8. What is "semi-steel?" For what used? 

7. Compare white cast iron and gray cast iron in structure, strength, 
brittleness, hardness. Which can be machined? 

8. How can white cast iron be produced? 

9. How can gray cast iron be produced? 

10. What is malleable cast iron? How produced? For what used? 

11. Compare its strength and ductility with the strength and ductility 
of gray cast iron, of structural steel. 

12. Why are large "sink heads " often necessary in molds for steel castings? 

13. Give illustrations of machine or structural parts for which steel cast- 
ings are supplanting cast iron; steel forgings. 
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Chapter X 

1. What is an ingot? 

2. What is a "pipe?" 

3. What is the effect of a pipe on metal rolled from the ingot? 

4. What methods are used to minimize the danger of piping? 
6. What is segregation? 

6. What ingredients give most trouble by segregation in steel? 

7. What are the effects of segregation in steel? 

8. How is segregation minimized? 

9. What causes unsound or "honeycombed" steel? 

10. What is the effect on rolled steel of unsoundness? 

11. What methods are used to prevent honeycombing? 

12. What is a soaking pit? 

13. What is a blooming mill? 

' 14. What is a two-high mill? A three-high mill? 

16. What are the advantages of each type of mill? 
IS. What is a "universal" mill? 

17. How does cold-rolled steel differ from hot-rolled steel? 

18. For what is cold-rolled steel used? 

19. Why do cold-rolled shafts tend to "kink" if key ways are cut in them? 

20. What is the effect of annealing on cold-rolled or cold-drawn metal? 

21. How is ordinary steel pipe formed? 

22. What is the difference between butt-welded and lap-welded pipe? 

Chapter XI 

1. Illustrate by sketch the characteristic crystalline structure of pure 
metals. 

2. Are the crystals formed perfect? 

3. How does a solution differ from a chemical compound? From a 
mechanical mixture? 

4. What is a solid solution? 

6. Describe the formation of structure which takes place when a molten 
alloy of tin and lead solidifies. 

8. What is a eutectic? 

7. Describe the solidification of a molten iron-carbon alloy containing 
more than 4.3 per cent, of carbon; of one containing less than 4.3 per cent, 
of carbon, but more than 2 per cent, of carbon; of one containing less than 
2 per cent, of carbon. 

8. Describe the changes in structure which occur in cooling from solidi- 
fication to atmospheric temperature: (a) for steel containing more than 
0.90 per cent, carbon; (6) for steel containing less than 0.90 per cent, carbon. 

9. What is a eutectoid? 

10. Define ferrite, cementite, pearlite. 

11. What is the recalescence point of steel, and at what temperature does 
it occur? 

12. Why is high-carbon steel hardened when suddenly cooled? 

13. Why is not low-carbon steel hardened when suddenly cooled? 

14. Which is harder, oil-quenched steel, or water-quenched steel? Why? 
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16. Why is the iiniformity of steel in steel castings improved by annealing? 
IS. Why are welded joints in steel made tougher by hammering as they 

cool? 

17. How much would the strength of steel be reduced at a temperature of 
400''F.? Of400°C.? 

Chapter Xn 

1. State the effect on the strength, and on the ductility of steel (ductility 
hot and ductility cold) of phosphorus, carbon, nickel, sulphur. 

2. About what carbon content would be found in steel suitable for the 
following uses: milling cutters, boiler plate, carriage springs, bolts, shaft- 
ing, razor blades, armor plate? 

3. What is manganese steel? For what used? 

4. What is "invar" steel? What is its approximate composition? For 
what is it used? 

6. Name the alloy steels used where special strength is necessary. 

5. Explain the hardness of "high-speed" steels at high temperatures. 

7. Why is the silicon content low in basic open-hearth steel? 

8. High-carbon steel is brittle and hard, gray cast iron has a high carbon 
content, but is brittle and soft; explain. 

9. Why is a high-phosphorus cast iron suitable for use in stove foundries? 

10. Distinguish between rusting and corrosion (or pitting). 

11. Name three methods used to lessen the danger of corrosion in steel. 

12. State the arguments advanced in favor of wrought iron as a corrosion 
resisting material. 

13. From your own observation of structures (windmill towers, highway 
bridges, railway signal towers, etc.) and of water and gas pipes which is the 
more retistant to corrosion, wrought iron or steel? 

Chapter XIII 

1. Describe briefly the essential steps in the production of copper from 
its ores. 

2. What are the principal uses of copper? 

3. Compare with the strength and ductility of structural steel the strength 
and ductility of : (a) cast copper, (6) hard-drawn copper, (c) cast aluminum, 
(d) rolled aluminum, (e) cast zinc, (/) rolled zinc. 

4. Name the principal uses of aluminum. 

6. Why is aluminum used for long-span electric transmission wires? 

5. Define brass, bronze. 

7. What is the composition for maximum strength and for maximum 
ductility of brass? Of bronze? 

8. Compare the maximum strength for brass and for bronze with that of 
structural steel. 

9. Why is brass or bronze preferable to steel as a bearing metal? 

10. Why preferable to cast iron? 

11. What advantage has brass or bronze over Babbitt metal as a bearing 
metal? 

12. What are the advantages of Babbitt metal or others of the soft 
bearing alloys? 
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13. Name several special non-ferrous alloys, give their special character- 
istics, and compare their strength and ductility with that of structural steel. 

Chapter XIV 

1. What are "hard" woods? "Soft" woods? 

2. Name several species of each. 

3. State the principal sources of supply in the United States of yellow 
pine, of Douglas fir, of white pine, of other soft woods, of oak, of hickory, 
of other hard woods. 

4. What are annual rings? 

5« What is heart wood? Sap wood? Spring wood? Summer wood? 

6. Describe briefly the structure of soft wood; of hard wood. 

7. Why is it necessary to give more attention to figuring shearing stresses 
in timber beams than in steel beams? 

8. Give values for the strength in compression and in shear of yellow 
pine, Douglas fir, oak, hickory. 

9. Why have wooden railway ties been foimd superior to metal or to 
concrete ties? 

10. Would a higher unit stress be allowable in a piece of white pine for a 
strut in an aeroplane frame, or in a large bridge stringer of white pine? 
Why? 

11. A wooden beam is supported at each end and carries a load in the 
middle, is a knot more injurious on the upper side or on the lower side? 
Why? 

12. What kinds of knots are most injurious to timber? 

13. About how much will the strength of air-seasoned hemlock be reduced 
if it absorbs water until its moisture content is 18 per cent.? 

14. What is the effect of long-continued dead load on the resistance of 
wood? 

15. If a working stress of 1,000 lb. per square inch in compression is 
allowed for yellow pine, and 'a short post is made of timber nominally 12 
in. by 12 in., what is the load it can carry safely if made of sawed lumber? 
If made of lumber dressed on all four sides? 

16. Explain the cracking and warping of timber under improper seasoning. 

17. What is "quarter-sawed" wood? 

18. What is a slab? 

19. Which makes the better lumber? Why? 

20. What causes decay of wood? 

21. Why does well-seasoned wood decay less than poorly seasoned wood ? 

22. How do chemical wood preservatives prevent decay? 

23. What are the preservatives commonly used for wood? 

24. What are the advantages and drawbacks of each? 

25. Give a brief outline of the process of treating wood with preservative. 

26. What is the effect of the preservative process on the strength of wood? 

27. How much is the life of a wooden railway tie lengthened by the use of 
preservative? 

28. Why are white oak ties not creosoted? 

29. For what general classes of structures is wood used? Give examples. 

30. For what classes of structures is it imsuitable? Give examples. 

13 
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Chapter XT 

• 

1. Name the general classes of building stone. 

2. What is riprap? Uncoursed rubble? Coursed rubble? Squared 
stone masonry? Cut stone masonry? Ashlar masonry? 

3. Give average v^ues for strength in compression, in shear, and in 
cross-bending for granite, limestone, and sandstone. 

4. For what general classes of structures is stone used? 

5. Describe briefly the general process of making brick or other burnt- 
clay structural material. 

6. What is pressed brick? Repressed brick? Face brick? Firebrick? 

7. How do paving bricks differ from building brick? 

8. What is terra-cotta? 

9. How is soft terra-cotta made? For what used? 

10. How does sewer pipe differ from ordinary drain tile? 

11. What is sand-lime brick? 

12. About what load would cause failure in compression if applied to a 
pier 12 in. by 12 in. built of common brick with mortar joints? If built of 
face brick with Portland-cement mortar? If built of terra-cotta blocks 
with Portland-cement mortar? 

13. What causes tend to shorten the life of brick masonry? 

14. In what general classes of structures are the burnt clay products used? 
16. How is terra-cotta used as a fireproofing material? 

Chapter XVI 

1. What is the general property of cementing materials which makes 
them useful in structures? 

2. Describe briefly the production of gypsum? 

3. What are the general uses of gypsum as a structural material? 

4. Why are gypsum blocks made larger than ordinary bricks? 
&• How does gypsum act as a fireproofing material? 

6. What is the average strength in compression of carefully made gypsum? 

7. What are some factors affecting this strength? 

8. OutUne the process of producing quicklime. 

9. What is hydrated lime? For what used? 

10. What is natural cement? 

11. Can lime mortar be used under water? 

12. Can natural cement mortar be used under water? 

Chapter XVII 

1. Define Portland cement. 

2. From what is it made? 

3. Outline the process of its manufacture. 

4. Draw a diagram showing the general scheme of a cement manufactur- 
ingTplant. 

5. What is Portland cement concrete? 

6. What is the aggregate? 

• 7. What is a well-graded aggregate and why is it desirable for concrete? 
What are -voids? 
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8. What are some common defects in aggregates? 

9. Give some common proportions for concrete and state the class of 
structural work for which each is suitable. 

10. What is plain concrete? Reinforced concrete? 

11. Name several types of structure which are commonly built out of 
plain concrete; types of structure which are commonly built out of rein- 
forced concrete? 

12. What stresses can be resisted by reinforced concrete better than by 
plain concrete? 

13. Name some undesirable ingredients for concrete aggregate. 

14. Discuss briefly the importance of care in the use of water in mixing 
concrete. 

16. How is concrete mixed by hand? 

16. What is a batch mixer? 

17. In laying a concrete pavement it is sometimes left exposed to the sun 
and air after it is a day old, is this good practice? Why? 

18. What is unit construction for concrete? Monohthic construction? 
Give ex^amples of each. 

19. Discuss briefly the precautions to be taken when forms are removed 
from monolithic structures. 

20. Give values for the strength in compression of various mixtures of 
well-made concrete 1 month old; 1 year old. 

21. About how much is the strength affected by the strength of the aggre- 
gate used? 

22. What is the importance of the strength in bond between concrete 
and steel? 

23. How does the ratio of working stress to ultimate for concrete com- 
pare with the corresponding ratio for structural steel? Explain. 

24. If a concrete wall after pouring remained at a temperature of 40°F. 
for 21 days how would its strength compare with what it would have been 
had the temperature averaged 60°F.? 

26. What precautions can be taken to lessen the danger of freezing con- 
crete laid in cold weather? 

26. Name some causes of disintegration in concrete. 

27. How can the danger of disintegration be minimized? 

28. Discuss the action of concrete used as flreprooflng. 

Chapter XVIII 

1. Distinguish between the terms inspection and testing as applied to 
materials. 

2. What is a specification for a material? 

3. Discuss briefly the importance of careful sampling of materials which 
are to be tested. 

4. Give illustrations of chemical tests used commercially in testing mate- 
rials; of microscopic tests; of tests of strength; of tests of ductility; of tests 
of hardness; of other tests. 

6. Describe briefly the mechanism of a testing machine for applying 
force, for weighing force, and for making tests in tension, compression, and 
cross-bending. 
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6. Give illustrations of load tests, and of impact tests which are applied to 
structures or machine members. 

7. Become familiar with standard specifications for physical properties 
of a number of representative materials (the biennial book of "Standards" 
of the American Society for Testing Materials should be consulted). The 
following materials are suggested as representative: Structural steel for 
bridges, staybolt iron, copper wire, cast iron for locomotive cylinders, cement, 
manganese bronze. 

Chapter XIX 

1. Why is a sharp comer more dangerous in a beam subjected to repeated 
stress than in one subjected to steady load? 

2. Define cycle of stress, mechanical hysteresis. 

3. State the ** crystallization" theory of failure under repeated stress; 
the "micro-flaw" theory. Which is generally accepted today? 

3. On what evidence? 

4. What is the relation of the elastic limit or the proportional limit 
determined by static tests to the abiUty of a material to withstand repeated 
stress? 

5. Describe briefly a machine for making repeated stress tests. 

6. What is the endurance limit for a material? How determined? 

7. State the exponential equation for repeated stress. 

8. If this exponential equation holds what would be the endurance limit 
for an infinite number of repetitions of stress? 

9. The eyebars and chords of a railroad bridge are to be made of structural 
steel, and should be designed to withstand 2,000,000 repetitions of load. 
The load varies from dead load to live load plus dead load, and the live load 
is four times as great as the dead load and sets up stress in the same direc- 
tion. What unit stress will be liable to cause failure: (o) Considering 
static strength, (&) computing the endurance limit (Johnson's formula), and 
(c) using the exponential formula? Is there greater danger of static failure 
or of failure under repeated stress? 

11. A line shaft is to be designed to withstand 500,000,000 reversals of 
bending stress, and is to be made of cold-rolled steel. Allowing a "factor 
of safety" of 2.5 what stress in bending will be allowable: (o) Considering 
static strength, (b) computing the endurance hmit, (c) using the exponential 
formula? Does static strength or fatigue strength govern in this case? 

12. According to the exponential equation if the stress in a member was 
reduced to one-third its original value, how many times would the "life" 
of the member be increased? 
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Acid steel, 47 

Aggregate for concrete, 142 
Air-furnace cast iron, 69 
Alloys, aluminum, 103 

Babbitt metal, 109 

bearing metals, 108 

copper-tin, 107 

copper-zinc, 105 

properties of, 105 
Aluminum, 6, 103 

alloys of, 103 

bronze, 108 

corrosion of, 104 

physical properties, 104 

production of, 103 

strength of, 104 

uses of, 103 
American Sec. for Testing Materials, 

specifications, 160 
Annual rings of wood, 111 
Arc-type electric steel furnace, 65 
Ashlar masonry, 126 

B 

Babbitt metal, 109 
Basic steel, 46 
Bearing metals, 108 
Bearings, materials for, 29 
Bessemer Steel, 54 

basic process, 58 

chemical changes, 56 

converter, 54 

limitations, 59 

operation, 56 

pig iron for, 55 

and open hearth steel combined, 
59 

and open hearth steel compared, 
59 

quality, 59 

recarburization, 57 



Bessemer Steel, uses, 59 
Blast furnace, 34, 35 

blast for, 37 

charge for, 35 

chemical changes in, 36 

construction of, 35 

output of, 38 

proheating blast, 37 

reactions in, 36 

stoves, 37 

temperature, 36 

utilization of slag, 39 
Blocks (building) concrete, 147 

gypsum, 135 

terra cotta, 129 
Brass, 6, 105 

composition, 106 

strength, 106 

uses, 106 
Brick, 7, 127 

burning, 127 

classification, 127. 

durability, 131 

fire, 128 

manufacture, 127 

masonry, strength, 131 

paving, 128 

sand-lime, 130 
Bridges, materials for, 26 
Brittleness, 3 
Bronze, 7, 106 

aluminum, 108 

manganese, 108 

phosphor, 108 

special, 108 
Building laws, 180 
Buildings, materials for, 27 
Burnt-clay products, 127 



Carbon, effect on steel, 94 
Car wheels, materials for, 28 



197 



198 



INDEX 



Case-hardened steel, 61 

Casting machines for pig iron, 38 

Castings, cast iron, 69 

steel, 72 
Csist iron, 4, 68 

air-furnace, 69 

chiUed, 71 

cooling of, 87 

cupola, 68 

definition, 68, 87 

effect of phosphorus, 96 

effect of sulphur, 97 

effect of titanium, 98 

gray, 70 

malleable, 71 

open hearth, 69 

specifications, 187 

white, 71 
Cement, hydration of, 146 

natural, 137 

Portland, see Portland cement. 
Cementation steel, 61 
dementing materials, 133 
Cementite, 88 
Charcoal iron, 45 
Charging machine for open hearth 

steel furnace, 49 
Chemical composition of iron and 

steel, importance, 94 
Chemical tests, 8, 157 
Chilled cast iron, 71 
Chromium, effect on steel, 97 
Classification of materials, 4 
Coke, fuel for blast furnace, 33 
Cold-drawn steel, 78 

wire, 17 
Cold-rolled steel, 17, 78 
Cold-rolling and cold-drawing of 

alloys, 108 
Concrete, 7, 141 

aggregate, 142 

proportions of, 142 
undesirable ingredients in, 144 
water in, 144 

blocks, 147 

coefficient of expansion, 154 

deformed bars for reinforcing, 
151 

disintegration, 153 



Concrete, drying out of, 146 

durability, 153 

electrolysis, 153 

fireproofing with, 154 

forms for, 148 

mixing, machine, 145 
hand, 145 

modulus of elasticity, 149 

molds for, 146 

monolithic, 148 

plain, 143 

proportions of, 142 

reinforced, 143 

removal of forms, 148 

rods for reinforcing, 151 

strength of, 149 
effect of age, 149 

of low temperature, 153 
of richness, 149 
of in bond, 151 
in compression, 185, 149 
shear, 185, 151 

unit casting, 147 

waterproofing, 163 

working stresses for, 152 
Converter, Bessemer, 54 

chemical changes in, 56 

operation of, 56 
Copper, 6, 101 

cast, 103 

cold-drawn, 103 

effect of on steel, 98 

heat treatment of, 103 

ores, 101 

physical properties, 102 

production of, 101 

strength of, 103 

uses of, 102 
Copper-tin alloys, 106 

-zinc alloys, 105 
Corrosion of iron and steel, 98 
Creosote, used for preserving wood, 

122 
Critical temperature for steel, 90 
Crucible steel, 62 

cost of, 63 

furnace, 62 

open hearth and Bessemer steel, 
comparison with, 64 
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Crucible steel, quality of, 64 

. uses of, 63 
Crystalline structure of metals, 83 
Crystallization of iron, 84 
of pure metals, 84 
under repeated stress, 164 
Cupola cast iron, 68 
Cycle of stress, 163 
Cylinders, materials for, 29 



D 



Decay of wood, 122 
Defects in timber, 119 
Deformed bars for reinforcing con- 
crete, 151 
Disintegration of concrete, 153 
Drain tile, 130 
Drying out of concrete, 146 
Ductility, 3 

of iron and steel, 100, 181 
Duplex process of steel making, 59 
Durability of materials, 4 

brick and terra cotta, 131 

concrete, 153 

stone, 125 



E 



Elasticity, 3 

modulus of, 20 
Elastic limit, 12 

and proportional limit, 13 

relation to failure under re- 
peated stress, 166 

resistance to impact, 17 

significance of, 13 

stress beyond, 16 
Electric and magnetic properties of 
materials, 4 

arc-type furnace, 65 

advantages of, 64 

induction furnace, 66 

reduction of iron ore, 67 

steel process, 64 
Electrically-produced heat, 64 
Endurance limit for repeated stress, 

168 
Engine cylinders, materials for, 29 



Engineer, the testing, 156 
Eutectic, 86 
Eutectoid, 88 

Exponential equation for repeated 
stress, 169 

constants for, 171 

diagrams for, 173 



Factor of safety, 25 

for repeated stress, 177 

Failure of material, consequences, 24 
under repeated stress, 163 
under static stress, 163 

Ferrite, 88 

Ferromanganese, 51 

Fiber stress, 9 

Firebrick, 128 

Fireproofing with concrete, 154 
with gypsum, 135 
with terra cotta, 129 

Forging and pressing steel, 81 

Forms for concrete, 148 

Frames, materials for machine, 28 



G 



Galvanized iron, 105 

Grain size of iron and steel, 91 

Grain of wood, 114 

Gray cast iron, 70 

Gypsum, 8, 133 

blocks, 135 

fireproofing with, 135 

modulus of elasticity, 136 

production of, 133 

products, manufacture of, 134 

strength of, 135 

tile, 135 

uses of, 134 



H 



Hard wood, 110 

Heart wood, 113 

Heat, electrically produced, 64 

Hematite, 31 

High-carbon steel, 5, 95 
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High temperature, strength of steel 

at, 92 
Honeycombing of steel, 75 
Hooke's law, 12 
Hydrated lime, 136 
Hydraulic press cylinders, materials 

for, 29 
Hysteresis, mechanical, 164 



Impact, elastic resistance to, 18 

force of, 17 

resistance to, 17 

resistance of wood to, 117 

rupture under, 18 

tests, 160 
Induction electric steel furnace, 66 
Ingots, steel, 74 

defects in, 74 
Inspection of material, 156 
Iron, commercial pure, 94 

-carbon alloys, cooling of, 86 

crystallization of, 84 

deposits in U. S., 32 

electric reduction of, 67 

flux for reducing process, 33 

fuel for reducing process, 33 

grain size of, 91 

hematite, 31 

high grade ores, 31 

in nature, 31 

low grade ores, 31 

ores, 31 

reduction of, 31, 33 

strength, stiffness and due- 
tihty, 100, 181 



Joints in stone masonry, 126 



K 



Knobbled wrought iron, 45 



Lead, 6 



Lime, hydrated, 136 

mortar, 136 

production, 136 
Limestone in pig iron making, 33 

in basic steel process, 47 

in Portland cement manufac- 
ture, 139 
Load tests, 160 
Lumber, see Wood. 



M 



Machine frames, materials for, 28 

parts under repeated stress, 175 
Malleable cast iron, production, 71 

strength and ductility, 71 

uses of, 71 
MalleabiUty, 4 
Manganese bronze, 108 

effect on steel, 97 

steel, 97 
Masonry construction, 126 
Mechanical hysteresis, 164 
Mechanics of materials, 10 
Medium-carbon steel, 5, 95 
Merchant bars of wrought iron, 43 
Micro-flaw theory of failure under 

repeated stress, 164 
Microscopic tests, 157 
Mild steel, 5, 95 
Mixing concrete, 145 
Modulus of elasticity, 20 

brass, 106 

bronze, 107 

cast iron, 181 

concrete, 149 

gypsum, 136 

steel, 181, 20 

stone, 184 

wood, 183 

wrought iron, 181 
Moisture, effect on the strength of 

wood, 118 
Molds for cast iron, 69 

for concrete, 146 

ingot, 74 

for steel castings, 72 
Molybdenum, effect on steel, 98 
Mortar, 7, 137, 141 
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Muck balls of wrought iron, 43 
bars of wrought iron, 43 



N 



Natural cement, 137 
Nickel, effect on steel, 97 
Non-ferrous metals, strength, 182, 
102, 104, 106, 107 



O 



Open hearth furnace for cast iron, 

69 
Open hearth steel, 46 

acid, 47 

and Bessemer Steel, 69 

basic, 47 

charging machine, 49 

control of process, 49 

duplex process, 59 

fuel for furnace, 52 

furnace, construction, 48 
lining, 49 
operation, 49 

limitations of, 52 

oxidation of, 53 

plant, 52 

recarburization, 51 

tilting furnace, 51 

uses of, 52 
Ores of Iron, 31 
Overload, effect of, 15 
Oxidation of steel during manu- 
facture, 64 



Pig iron, reabsorption of carbon, 37 

sand casting, 38 
Pipe, rolling steel and iron, 82 
Piping in steel ingots, 75 
Plastic strain of materials, 14 
Plasticity, 3 
Portland cement, 139 

concrete, see Concrete. 

manufacture, 139 

raw materials for, 139. 
Preservatives for wood, 122 

processes of treating wood, 123 

strength of treated wood, 124 

uses of treated wood, 123 
Pressing steel, 81 
Probability factor for repeated stress, 

170 
Proportional limit, 12 

lowered by reversed stress, 16 

raised by uni-directional stress, 
16 

significance of, 13 

stresses beyond, 16 
Puddling furnace, 41 

chemical changes in, 41 

construction of, 41 

operation of, 41 

process for wrought iron, 41 
Pump cylinders, materials for, 29 



Q 



Quarrying stone, 125 
Quenching steel, 91 
Quicklime, 136 



R 



Paving brick, 128 

Pearlite, 88 

Phosphor bronze, 108 

Phosphorus in steel, 46, 66, 96 

Photomicrographs, 84 

Physical tests of materials, 8, 157 

Pig iron, 31 

for Bessemer steel, 55 

forge pig. 41 

machine casting, 38 

production of, see Blast furnace. 



Railway equipment, materials for, 28 

Recalescence point for steel, 90 

Regenerative process, 37 

Reinforced concrete, 143 

Reliability of materials, 4 

Repeated stress, 163 

constants for strength, 171, 186 
crystallization theory and micro- 
flaw theory, 164 
diagrams for strength, 173 
elastic limit, relation to, 166 



202 



INDEX 



Repeated stress, endurance limit, 168 

exponential equation, 169 

factor of safety for, 177 

failure under, 163 

probability factor, 170 

range of stress effect of, 169, 171 

rest, effect of, 174 

service of structural and ma- 
chine members, 175 

sharp comers, effect of, 175 

slip lines, 164 

speed, effect of, 174 

testing machines, 167 

tests, 166 

working stress, 177 

wrought iron versus steel, 174 
Rip rap masonry, 126 
Rolled steel, uses of, 74 
Rolling mill for steel, 77 

blooming mill, 77 

three-high mill, 78 

two-high mill, 78 

universal mill, 78 
Rubble masonry, 126 

S 

Safety, factor of, 25 
Sand-lime brick, 130 
Sap wood, 113 
Seasoning of wood, 120 
Segregation in steel, '75 
Semi-steel, 69 » 
Sewer pipe, 130 
Shafting, materials for, 27 
Sherardized iron, 105 
Shrinkage of wood during season- 
ing, 120 
Siemens-Martin steel process, see 

Open hearth steel. 
Silicon, effect on steel, 95 
Slag in the blast furnace, 33 

utilization of, 39 

in wrought iron, 44 
Slip lines, 164 
Soft wood, 110 
Solution, solid, 85 
Specifications, 156, 160 

American Society for Testing 
Materials 160, 187 



Specifications for iron and steel, 187 

Specimens for tests, 159 

Spelter, 104 

Spiegeleisen, 57 

Spring wood, 113 

Static stress, failure under, 163 

Steel, 5 

acid, 47 

basic, 47 

Bessemer, see Bessemer steel. 

carbon, effect of, 94 

case-hardened, 61 

cementation, 61 

chemical composition, import- 
ance of, 94 

chromium, effect of, 98 

corrosion of, 98 

critical temperatures, 90 

crucible, see Crucible steel. 

duplex process, 59 

electric furnace, see Electric 
fuirnace steel. 

forging and pressing, 81 

grain size of, 91 

high-carbon, 5, 95 

honeycombing of, 75 

ingots, 74 

manganese, 97 
effect of, 97 

medium-carbon, 5, 95 

modulus of elasticity, 20, 181 

nickel, effect of, 97 

open hearth, see Open hearth 
steel. 

phosphorus, effect of, 46, 96 

pipe, 82 

piping in, 75 

recalescence point, 90 

recarburization, 51 

rolling, 82 
mills for, 77 

sections, rolled, 77 

segregation, 75 

Siemens-Martin process', 46 

silicon, effect of, 95 

specifications for, 187 

strength and ductility, 100, 181 

stiffness, 20, 181 

stress-strain diagrams, 11,19, 100 
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Steel, sulphur, effect of, 51, 96 

temperature, effect on strength, 
92 

tempering, 91 

tungsten, effect of, 98 

uses of rolled, 74 

vanadium, effect of, 98 

wrought iron versus, corrosion, 
99 
repeated stress, 174 • 
Stiffness, 2, 20 
Stone, 8, 125 

durability, 125 

quarrying and cutting, 125 

strength and stiffness, 127, 184 

uses of, 125 

varieties of, 125 
Stone masonry, 126 

ashlar, 126 

joints in, 126 

rip rap, 126 

rubble, 126 

squared, 126 

strength, 126, 180 
Stoves, used with blast furnace, 37 
Strain, 2, 9 

unit, definition, 9 
Strength of materials, 1 
Stress, 9 

cycle of, 163 

beyond elastic limit, 16 
yield point, 16 

elementary, 2 

repeated, see Repeated stress. 

unit, definition, 10. 

working, 22, 25, 180 
for repeated stress, 177 
Stress-strain diagrams, 10 

for iron and steel, 11, 19, 100 

indicating toughness, 15 
Sulphur in steel and cast iron, 

51, 66, 96 
Summer wood, 113 



Tempering of steel, 91 
Terra cotta, 7, 128 

blocks, 129 

durability, 131 

hard, 128 

lumber, 129 

manufacture of, 128 

masonry, strength of, 131, 185 

porous, 129 

tile, 129 
Testing engineer, the, 156 
Testing machine, 159 

for repeated stress, 167 
Testing, commercial, 157 

importance of, 155 
Tests of materials, 156 

chemical, 8, 157 

impact, 160 

load, 160 

microscopic, 157 

physical, 8, 157 

proof, 160 

repeated stress, 166 

specimens, 158 

strength, 8, 157 
Three-metal alloys, 108 
Tile, drain, 130 

gypsum, 135 

terra cotta, 129 
Tilting open hearth furnace, 51 
Timber, see Wood. 
Time, effect on strength of wood, 118 
Tin, 6 

Tin-copper alloys, 106 
Titanium, effect on steel, and cast 

iron, 98 
Toughness of materials, 3, 15, 17 
Tungsten, effect on steel, 98 

U 

Ultimate strength, 12 
Uniformity of materials, 4 
Unit strain, 9 
Unit stress, 10 



Temperatures in blast furnace, 36 
Temperature, effect, on strength of 
concrete, 153 
steel, 92 



Vanadium, effect on steel and cast 

iron, 98 
Voids in concrete aggregate, 142 
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W 



Water for hydration of cement, 146 
in concrete aggregate, 144 

Waterproofing of concrete, 153 

White cast iron, 71 

Wire, cold-drawn, 17 

Wood, 7, 110 

annual rings, 111 

decay of, 122 

defects in, 119 

elastic properties, 117 

fiber saturation point, 118 

grain of, 114 

hard, 110 

modulus of elasticity, 183 

moisture, effect on strength, 118 

nominal and actual sizes, 120 

preservative process, 123 

preservatives for, 122 

production in U. S., Ill 

sap wood and heart wood, 113 

sawing boards from logs, 121 

seasoning, 120 

shrinkage, 121 

soft, 110 

spring wood and summer wood, 

113 
stiffness of, 183 
strength of, 115, 183 
in compression, 116 
large pieces, 117 
in shear, 115 
under impact, 117 
when treated with preserva- 
tive, 125 
structure of, 111 
time, effect of on strength, 118 
uses of in construction, 110 
uses of treated timber, 123 
varieties of, 110 

Working stress, 22, 25, 180 
in concrete, 152 



Working stress, for repeated stress, 

177 
Wrought Iron, 5, 40 

adulteration of, 44 

characteristics of, 43 

charcoal, 45 

corrosion of, 98 

definition of, 40 

importance of, 40 

knobbled, 46 

manufacture of, 41 

merchant bars, 43 

muck balls, 43 
bars, 43 

pig iron for making, 41 

pipe rolling, 82 

slag in, 44 

specifications, 187 

steel, distinguishing from, 43 
relative corrodibility of, 99 
relative strength under re- 
peated stress, 174 

structure of, 44 

uses of, 40 



Yield point, 3, 12 

lowered by reversed stress, 16 
raised by uni-directional stress, 

16 
significance of, 13 



Zinc, 6, 104 

chloride, for wood preservation, 

122 
copper alloys, 105 
corrosion of, 104 
production of, 104 
strength of, 104 
uses of, 105 
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